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ABSTRACT
The goal of this research was to synthesize conductive polymers based on 
repeating ferrocene units. During the course of this study, the design of the 
conductive polymers evolved from the initial model based on "stacked" ferrocenes 
where ethano bridged cyclopentadienyl rings are linked by iron(II), to the latest 
ferrocene-diene model where ferrocene units were linked by double bonds. In the 
pursuit of these elusive monomers, attempts at their synthesis led down dead-end 
routes, even though new molecules were synthesized. Some of these dead-ends 
proved productive as in the synthesis of chiral titanocene derivatives. All the work 
reported in this dissertation had the eventual goal of synthesizing potential 
monomers for ferrocene conducive polymers.
This dissertation is divided into three chapters. Chapter one describes the 
attempted synthesis of thiophene derivatives where a cyclopentadienyl ring is fused 
to the [c]-face. Although the target molecule was never synthesized, a convenient 
and safe new synthesis of 3,4-dibromo-2,5-dimethyl thiophene was developed 
along with the synthesis and full characterization of 3-bromo-4-trimethylsilyl-2,5- 
dimethylthiophene. Chapter two describes the design of asymmetric hydrogenation 
catalysts and the convenient synthesis of chiral titanocene derivatives. Chapter 
three summerizes the history of our attempts to prepare ferrocene containing 
conductive polymers and describes the synthesis of ferrocenophenes and diethano 
bridged bis(cyclopentadienyl) compounds for use as monomeric precursors to 
conductive polymers based on repeating ferrocene units.
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CHAPTER ONE.
Synthesis of Thiophene Derivatives: Attempts to Synthesize [c]- 
Annulated Cyclopentadienyl Thiophenes
1 .1  Introduction.
Thiophene is a six ^-electron aromatic heterocyclic compound. Thiophenes are 
known to form metal complexes of various hapticity.1' 3 The goal of this project 
was to synthesize cyclopentadienyl [c]-annulated thiophenes as ligands for various 
transition metals. The resulting transition metal complexes would be interesting on 
both theoretical and practical standpoints because the transition metal can freeze-out 
resonance structures by complexing with the 7t-system of the most prevalent or 
reactive resonance structures, and the transition metal complexes can be used as 
precursors to monomers for conductive polymers.
The synthesis of 4H-cyclopenta[c]thiophene,4 1.1, and l,3-dimethyl-4H- 
cyclopenta[c]thiophene,5 1.2, was reported previously (Figure 1.1). In each case, 
the cyclopentadienyl was fused to the thiophene using a technique developed by 
Ellison and co-workers.6 The anions of 1.2 and 1.3 have been synthesized, but to 
date, their respective metal complexes have not been reported. Analogous iron(II) 
complexes of the anions of cyclopenta[b]thiophenes have been reported.7 The 
interest in the metal complexes lies in the site of metal complexation, which can take 
place on either the thiophene ring or cyclopentadienyl ring. This is metal dependent 
when benz-annulated thiophenes are considered, but w hat about 
cyclopenta[c]thiophenes? Also, if the metal complexes rj5 to the cyclopentadienyl,
1
what happens to the 7t-electrons in the thiophene? Are all the 71-electrons still 
delocalized or will the thiophene have some diradical character?
1 .1  1 .2  1 .3
Figure 1.1 Examples of known [c]-annulated thiophenes 1.1 and 1.2 with the 
proposed pentamethylcyclopenta[c] thiophene, 1.3.
Deprotonation of 1.2 and relevant proposed resonance structures are illustrated 
in Figure 1.2. The most interesting of the resonance structures is 1.2c and 1.2d. 
If a diradical character were to exist, would the metal complexes undergo 
intermolecular cyclizations or would the bis(cyclopenta[c]thiophene) metal 
complexes undergo intramolecular ring closures? Structure 1.2c may also undergo 
intramolecular coupling. X-ray crystal structures of non-classical thiophenes 
provide evidence for the existence of highly strained structures such as 1.2c .8' 12
1 . 2 c 1 . 2 d
Figure 1.2 Proposed deprotonation of a [c]-annulated thiophene and examples of
a few resonance structures.
3Figure 1.3 illustrates the proposed use of the resultant diradical character in the 
resonance structure from the deprotonation of [c]-annulated thiophenes for the metal 
mediated cyclization to form a precursor for 1,2,4-ethanobridged cyclopentadienyl 
compounds. 1,2,4-ethanobridged cyclopentadienyl compounds have potential use 
as monomers for conductive polymers based on repeating ferrocene units.
MX. Raney Ni
H, Et2NH
CH3COCH3
pyrrolidine
Mg
CCI4
Figure 1.3 Proposed metal-mediated cyclization of the diradical form of a [c]- 
annulated cyclopentadienide and proposed synthesis of a 1,2,4 diethanobridged
cyclopentadienophane.
Pentamethylcyclopenta[c]thiophene, 1.3, was chosen as a model ligand and 
target molecule because pentamethylcyclopentadienyl metal complexes are typically 
more stable than unmethylated analogs. Also, the proposed technique to synthesize
1.3 is novel and may be applicable for the annulation of other aromatics. The 
strategy of the proposed synthesis of 1.3 involved a cationic ring closure to fuse 
the cyclopentadienyl to the thiophene. A summary of the attempted cyclizations are 
illustrated in Figure 1.4.
Ri r 2 r 3 R4 Compound r 2 r 3 Compound
H Me . Me H 1.6
Me3Si Me Me Me3Si 1.14 Me Me 1.3
H H H H 1.9
MesSi H H Me3Si 1.15 H H 1.10
H H H Me3Si 1.22
I
Figure 1.4 Summary of attempted cyclizations of thiophene derivatives to 1.3
and 1.6 .
1 .2  Design of the Thiophene Substrate.
Figure 1.5 illustrates two retrosynthetic routes to the target molecule 1.3. 
Route 1 involves a cationic intramolecular cyclization initiated by the dehydration of 
the alcohol. Analogous dienones have undergone similar cyclizations when treated 
with polyphosphoric acid.13’14 Route 2 involves an anionic cyclization to form the 
cyclopentadienyl annulated thiophene with subsequent dehydration of the resulting 
cyclic alcohol to form the target molecule. Both retrosynthetic routes are broken 
down to simple readily available starting materials. Route 1A starts with 2,5- 
dimethyl thiophene and tiglic acid chloride and route IB can be broken down to the 
easily synthesized 3-acetyl-2,5-dimethyl thiophene and the Grignard reagent 
derived from 2-bromo-2-butene. Route 2 can be broken down to easily synthesized
3,4-dibromo-2,5-dimetliyl thiophene and 3-methyl-3-penten-2-one.
5Route 1 Route 2
Figure 1.5 Retrosynthetic analysis of 1.3.
1 .3  R esults and  D iscussion.
1 .3 .1  A ttem pted  Synthesis o f '1 .3 ' via  R e tro syn the tic  Routes 
1A and IB .
The attempted forward synthetic routes to 1.3 derived from retrosynthetic 
routes 1A and IB are outlined in Figure 1.6. The key step in the forward synthesis 
of 1.3 was the carbocation ring closure of the alcohol intermediate 1.6, or in an 
alternate synthesis, the Narzarov cyclization15 of the intermediate 1.4. Both of 
these reactions failed to give 1.3. Also, the simplest synthesis of 1.3 involving a
6one step acylation of 2,5-dimethylthiophene with tiglic acid to 1.4, followed by a 
cyclization to give 1.3 was unsuccessful.
No Reaction
h 3p o 4
s
ether
1 .3
OH
1 . 6 S
1 .7
2. H3CF
1 .5 S
1.8
Figure 1.6 Forward synthesis of 1.3 derived from retrosynthetic routes 1A and
IB.
The failure of 1.4 and 1.6 to undergo cyclization is believed to be due to the 
carbocation deactivation of thiophene towards aromatic electrophilic substitution, as 
shown in Figure 1.7. The attempted acid catalyzed cyclization of 1.4 failed, with 
starting materials recovered. Treatment of 1.6 with acid instead resulted in the two 
possible acyclic alkenyl thiophenes 1.7 and 1.8, evident by the presence of 
thiophene and vinylic protons in the *H NMR.
7OH 
•  •
1.6
+ S
Figure 1.7 Proposed cationic intermediates in the dehydration of 1.3.
In an effort to investigate the feasibility of any cationic ring closure similar to 
that proposed for 1.6, the synthesis of 3-(l-hydroxy-l-methyl-2-propenyl)-2,5- 
dimethylthiophene, 1.9, and subsequent acid catalyzed cyclization to 1.10 was 
studied as a model reaction, illustrated in Figure 1.8. The synthesis of 1.9 in an 
80% yield was easily accomplished by the treatment of 3-acetyl-2,5- 
dimethylthiophene with vinylmagnesium bromide in tetrahydrofuran. The acid 
catalyzed cyclization was attempted by refluxing an ether solution of 1.9 and p- 
toluene sulfonic acid for two hours. Thin layer chromatography and *H NMR of 
the crude product indicated complete consumption of the starting material but 
NMR showed evidence of a major product with terminal vinylic protons at 5.0-5.5 
ppm and a thiophene proton at 6.52 ppm. No cyclization products were detected.
r£ ~ S
1 . 1 0o 1. M g / H 2C=CHBr H+
2. H30 + AS
1 .9
1 . 11
Figure 1.8 Synthesis of 1.9 and its attempted acid catalyzed cyclization to 1.10.
A new strategy was developed to prevent the deactivation of the thiophene ring 
involved the placement of a large sterically hindering group on the thiophene that 
could be easily removed. This large blocking group would force the carbocation 
tether from planarity with the thiophene 7t-system, diminishing the electron 
withdrawing effects of the carbocation on the thiophene ring. Trimethylsilyl was 
the best candidate for the blocking group due to its large steric bulk and its excellent 
leaving aptitude in electrophilic aromatic substitution.
Attempts to trimethylsilylate ortho to substituted thiophenes or to alkylate 
thiophene ortho to a trimethylsilyl were unsuccessful, therefore, attempts to utilize 
the trimethylsilyl group as a blocker were abandoned.
1 .3 .2  A ttem pted Synthesis of '1.3' via Retrosynthetic Route 2.
The success of the forward synthetic route to 1.3 can be accomplished by 
either functionalizing the thiophene ring of the the allylic alcohol of 2,5-
9dimethylthiophene with a halogen, or by the mono alkylation of 3,4-dibromo-2,5- 
dimethylthiophene, followed by an anionic ring closure. Unfortunately, both 
strategies failed.
Using a forward synthesis derived from retrosynthetic route 2A, the attempt to 
alkylate the monolithio derivative of 3,4-dibromo-2,5~dimethylthiophene with 3- 
methyl-3-penten-2-one to form 3-bromo-4-(l-hydroxy-l,2-dimethylbutenyl)-2,5- 
dimethylthiophene, 1 . 1 2 , was moderately successful but the subsequent 
deprotonation and disilylation of 1.12 produced numerous inseparable products 
(Figure 1.9). The model reaction between the monolithio derivative of 3,4- 
dibromo-2,5-dimethylthiophene and methyl vinyl ketone to produce 3-bromo-4-(l- 
hydroxy-l-methylpropenyl)-2,5-dimethylthiophene, 1.13, was successful, but the 
subsequent disilylation of the deprotonated derivative also produced numerous 
inseparable products. The eventual goal of these reactions was to desilylate 1.14 
and 1.15 with hydrofluoric acid and cyclize them to 1.3 and 1.10 respectively.
Figure 1.10 illustrates the unsuccessful attempts at brominating the open 
thiophene position on 2,4,5-trisubstituted thiophenes as an alternate route to 1.13. 
Using a procedure designed to selectively brominate thiophene positions over the 
competitive acyl side-chain positions,16 attempted bromination of 3-acety 1-2,5- 
dimethylthiophene to 3-acetyl-4-bromo-2,5-dimethylthiophene, 1.16, in an 
aqueous sodium acetate solution favored bromination of the enol to form the a - 
bromo derivative 1.17 over thiophene ring bromination to 1.16. Also, in a 
procedure designed to brominate thiophene positions in the presence of competing 
alkenyl side chain bromination,17 the attempted bromination of 1.6 produced 
several products including the dibromo derivative, 1.18, as the major product 
instead of the desired 1.13.
10
Br Br
3. H3Oh
R R R R
HO,
SiMe-,Br 1. BuLi1. BuLi
2. TMSC1
R = Me 1.12 R = Me 1.14
R
R = Me 1.3
R = H 1.10
HF
Figure 1.9 Synthesis of 1.12 and 1.13 and proposed cyclizations to 1.3 and
1.10 respectively.
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Br
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NaOAc
h 2o Br
1 .17
HO.
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HOAc Br Br
HO,
1 .18
HO.
1 . 6
Figure 1.10 Attempted bromination of 3-acetyl-2,5-dimethylthiophene and
1.13.
1 .3 .3  Synthesis of 3,4-D ibrom o-2,5-dim ethylthiophene and 3- 
B rom o-4-trim ethylsilyI-2 ,5-dim ethylth iophene.
The synthesis of 3,4-dibromo-2,5-dimethylthiophene and 3-bromo-4- 
trimethylsilyl-2,5-dimethylthiophene, 1.19, is summarized in Figure 1.11. The
12
synthesis of 3,4-dibromo-2,5-dimethylthiophene was very successful with an 
isolated yield of 91%. This is an improvement over the method by Melles and 
Backer because the yield is greater and the new method avoids the use of highly 
toxic cuprous cyanide along with toxic and extremely flammable carbondisulfide.18 
The improved method requires no special handling or procedures and uses acetic 
acid as a solvent.
HOAc
91%
\  ✓SlMe3 1. t-BuLi
A.Ks
1 .21
- ^ 7 T
2. Mel
“X>,,
s
1 . 2 2
XXiS^ r’XCBr . . Br .SiMe31. n-BuLi ^ 32. TMSC1
80%
1. 2.5 eq n-BuLi
2. TMSC1
S
1 .1 9
1. n-BuLi
2. TMSC1
Me3Si
1 .20
SiMe^
Figure 1.11 Synthesis of and summary of reactions involving 3,4-dibromo-2,5-
dimethylthiophene and 1.19.
The failure of 3,4-dibromo-2,5-dimethylthiophene to undergo dilithiation with 
n-butyllithium is not surprising since this requires two negative charges proximate 
to each other. This is contrary to what is reported for various bromothiophenes.19
13
Transmetallation of 3,4-dibromo-2,5-dimethyl thiophene with 1.2 equivalents of n- 
butyllithium in ether at -78° C and subsequent treatment with chlorotrimethylsilane 
yielded 3-bromo-4-trimethylsilyl-2,5-dimethylthiophene in an 80% yield. Attempts 
to transmetallate 3-bromo-4-trimethylsilyl-2,5-dimethylthiophene under similar 
conditions failed. 3-Bromo-4-trimethylsilyl-2,5-dimethylthiophene also failed to 
metallate using both lithium or sodium, even with the use of ultrasound. Also, 
attempts to synthesize the 2,5-dimethyl-3,4-bis(trimethylsilyl)thiophene by 
dilithiation of 3,4-dibromo-2,5-dimethylthiophene with 2.5 equivalents of n- 
butyllithium and treatment with chlorotrimethylsilane resulted in the exclusive 
form ation  o f 1 .1 9  instead  of the desired  2 ,5 -d im ethy l-3 ,4 - 
bis(trimethylsilyl)thiophene, 1.20. The reaction of 1.19 with potassium in 
refluxing tetrahydrofuran is believed to cause thiophene ring opening. Treatment of
1.19 with t-butyllithium and subsequent alkylation with methyl iodide, afforded 
2,3,5-trim ethyl-4-trim ethylsilylthiophene, 1.21 in good yield, where other 
electrophiles such as methyl vinyl ketone and chlorotrimethylsilane failed give 1.22 
and 1 .2 0 , respectively.
X-ray quality crystals of 1.19 were obtained from hexane and a single crystal 
X-ray structure determination was performed. Bond lengths and bond angles for
1.19 are reported in Tables 1.1 and 1.2 respectively. Figure 1.12 shows the 
ORTEP drawing of 1.19. The molecule lies on a mirror plane in the crystal.
14
Table 1.1 Bond Distances (A) for *1.19'.
Br C2 1.897(3)
S Cl 1.710(3)
S C4 1.720(4)
Si C3 1.881(3)
Si C6 1.858(4)
Si C7 1.854(3)
Si C l ' 1.854(3)
Cl C2 1.345(5)
Cl C5 1.494(6)
C2 C3 1.453(4)
C3 C4 1.367(4)
C4 C8 1.509(5)
Numbers in parenthesis are estimated deviations in least significant digits.
Table 1.2 Bond Angles O  for '1.19'.
Cl S C4 93.5(2)
C3 Si C6 113.3(2)
C3 Si Cl 109.1(1)
C3 Si C l ' 109.1(1)
C6 Si Cl 107.0(1)
C6 Si C l ' 107.0(1)
Cl Si C l ' 111.4(1)
s Cl C2 108.4(3)
s Cl C5 122.2(3)
C2 Cl C5 129.5(3)
Br C2 Cl 119.5(2)
Br C2 C3 122.9(2)
Cl C2 C3 117.6(3)
Si C3 C2 123.9(2)
Si C3 C4 128.2(3)
C2 C3 C4 107.9(3)
S C4 C3 112.7(2)
S C4 C8 116.8(2)
C3 C4 C8 130.5(3)
Numbers in parenthesis are estimated deviations in least significant digits.
Figure 1.12 ORTEP drawing of 1.19.
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1 .4  C onclusion.
All attempts to form methylated cyclopentadienyl[c]thiophenes failed. The 
accomplishments of this work include an improved method for the synthesis of
3,4-dibromo-2,5-dimethylthiophene where the yield was increased (from 82% to 
91%) and the use of dangerous starting materials (cuprous cyanide and carbon 
disulfide) was eliminated by use of glacial acetic acid as a solvent. 3-Bromo-4- 
trimethylsilyl-2,5-dimethylthiophene 1.19, was synthesized in an 80% yield by the 
transmetallation of 3,4-dibromo-2,5-dimethylthiophene with n-butyllithium and 
subsequent treatment with chlorotrimethylsilane. 1.19 was fully characterized and 
the X-ray structure solved. 1.19 proved to be extremely unreactive towards 
alkylation, requiring the use of t-butyllithium for transmetallation and a sterically 
unhindered alkylating agent such as methyl iodide.
1 .5  Experimental Section.
General Comments: Bromine (Baker), acetic anhydride and glacial acetic 
acid (Mallinckrodt); sodium, lithium, potassium, magnesium, n-butyllithium (2.5 
M in hexanes), t-butyllithium (1.7 M in pentane), 2-bromo-2-butene, aluminum 
chloride, stannic chloride, and tiglic acid (Aldrich) were used as received. 
Chlorotrimethylsilane (Aldrich) was distilled from CaH2 prior to use. 2,5- 
Dim ethylthiophene ,20’21 3-acetyl-2,5-dimethylthiophene,22’23 tiglic acid 
chloride,24 3-methyl-3-pentene-2-one25 were prepared according to literature 
methods. Methyl iodide was passed through basic alumina prior to use. Ether was
17
distilled over Na/K (benzophenone) under argon. Tetrahydrofuran was distilled 
over potassium under argon. *H NMR and !3C NMR spectra were measured at 
200 MHz and 50 MHz, respectively, on a Bruker AC 200 spectrometer. Chemical 
shifts are reported in 8 or ppm downfield from tetramethylsilane. IR spectra were 
measured on a Perkin-Elmer 1760X FTIR. Elemental analysis was performed by 
Oneida Research Services, Inc. (Whitesboro, NY).
1 .5 .1  Attempted Synthesis of '1.3' via  Tandem Friedel-Crafts 
Reaction of 2,5-Dimethylthiophene with Tiglic Acid.
A mixture of tiglic acid (0.94 g; 9.4 mmol), 2,5-dimethylthiophene (1.13 g;
10.1 mmol) and polyphosphoric acid (7.71 g) was stirred for one hour at 80° C 
under argon,26 during which, the reaction mixture turned dark red. The reaction 
mixture was added to water and extracted with ether. The combined ether extracts 
were washed with saturated sodium bicarbonate solution, dried with anhydrous 
magnesium sulfate, and solvent removed under reduced pressure yielding a yellow 
solid (1.06 g). Bulb-to-bulb sublimation gave a white solid which *H NMR 
analysis revealed to be pure tiglic anhydride.
Another procedure using a different acid involved heating a stirring mixture of 
tiglic acid (0.79 g; 7.9 mmol), 2,5-dimethylthiophene (0.86 g; 7.7 mmol) and 
polyphosphoric acid (6.26 g) under argon for 22 hours. The reaction mixture was 
poured into water and extracted with dichloromethane. After exhaustive washing of 
the combined extracts with saturated sodium bicarbonate solution, drying with 
anhydrous magnesium sulfate, and subsequent solvent removal under reduced 
pressure, a red solid (0.95 g) resulted which was subjected to column 
chromatography. Less than 0.1 grams eluted as a yellow solid. Analysis by *H
18
and 13C NMR did not match what was obtained in the former procedure nor did it 
match what would have been expected from this reaction.
1 .5 .2  Attempted Synthesis of 3-(2-m ethyI-2-buten-l-onyl)-2,5- 
dimethylthiophene, '1.4'.
A mixture of tiglic acid chloride (2.17 g; 18.3 mmol) and 2,5- 
dimethylthiophene (2.07 g; 18.3 mmol) in anhydrous 1,2-dichloroethane (35 mL) 
was added via cannula to aluminum chloride (4.67; 35.0 mmol), stirred at room 
temperature for 1.5 hours, and refluxed for 30 minutes.27 The reaction mixture 
was poured into cold water and extracted with dichloromethane (2 x 150 mL). The 
combined extracts were washed with 10% sodium hydroxide (2x) where the color 
changed from red to yellow. The extract was washed with water (200 mL), dried 
with anhydrous magnesium sulfate, and solvent removed under reduced pressure to 
give a yellow oil (2.88 g). Bulb-to-bulb distillation of the oil (1.15 g) gave 0.87 g 
of an oil (88-90° C, 0.45 mm Hg). Thin layer chromatography showed numerous 
inseparable products. and 13C NMR also showed numerous products.
The attempted synthesis of 1.4 using a milder Lewis acid, stannic chloride 
gave similar results. Stannic chloride (2.90 g; 11.1 mmol) was added dropwise to 
a solution of 2,5-dimethylthiophene (4.27 g; 37.8 mmol) and tiglic acid chloride 
(4.48 g; 37.8 mmol) in 1,2-dichloroethane (60 mL) at 0° C. The reaction mixture 
was stirred at 0° C for three hours and room temperature for seven hours, poured 
into ice, and extracted with dichloromethane (2 x 200 mL). The combined extracts 
were washed with saturated sodium bicarbonate solution (3 x 200 mL) and distilled 
water (200 mL), dried with anhydrous magnesium sulfate, and solvent removed
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under reduced pressure. Fractional distillation (108-110° C, 1 mm Hg) gave an oil 
(1.76 g). Gas and thin layer chromatography showed numerous inseparable 
products. *H and 13C NMR also showed numerous products.
1 .5 .3  A ttem pted  Synthesis o f 3 -(l-H ydroxy -l,2 -d im ethy I-2 - 
butenyI)-2,5-dim ethyI th iophene, '1 .6 '.
2-Bromo-2-butene (7.53 g, 5.7 mL; 55.8 mmol) was slowly added to freshly 
cut strips of lithium (0.97 g; 0.123 mmol) in anhydrous ether (5 mL), with 
subsequent addition of anhydrous ether (40 mL), and stirred for 2-3 hours.28’29 3- 
Acetyl-2,5-dimethylthiophene (8.60 g; 55.8 mmol) was added slowly, with a slight 
rise in temperature. The mixture was stirred at room temperature for three hours, 
poured on to saturated ammonium chloride solution (100 mL), and extracted with 
ether. The combined ether layers were dried with anhydrous magnesium sulfate 
and the solvent removed under reduced pressure resulting in a yellow oil (2.33 g). 
Purification by bulb-to-bulb distillation under reduced pressure gave a yellow oil 
(2.28 g) which showed considerable amounts of starting material along with 
evidence of 1.6 according to *H NMR. Further purification by column 
chromatography was ineffective.
A similar procedure using a 50% excess of 2-bromo-2-butene with excess 
lithium resulted in cis and trans isomers of 1.6 (68.4% yield based on 3-acetyl-
2,5-dimethylthiophene) that was at least 90% pure after bulb-to-bulb distillation 
according to 'H NMR. Analysis: !H NMR (200 MHz, CDC13) 8 1.31 (m, 3 H), 
1.65 (m, 3 H), 1.80 (m, 3 H), 2.32 (s, 3 H), 2.37 (s, 3 H), 5.29 (m, 1 H), 6.67 
(s, 1 H); 13C NMR (50 MHz, CDC13) 14.03, 14.23, 15.10, 22.09, 29.11, 
74.65, 121.12, 125.30, 132.51, 134.16, 140.63, 143.51 ppm.
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An alternate method for the synthesis of 1.6 was attempted using magnesium 
turnings instead of lithium wire. A small portion of the total amount of 2-bromo-2- 
butene (4.38 g, 3.3 mL; 32.4 mmol) was added to magnesium turnings (2.02 g;
83.1 mmol) covered with anhydrous tetrahydrofuran (5 mL), initiated by a few 
drops of 1,2-dibromoethane. Once the reaction reached reflux temperature, the 
balance of 2-bromo-2-butene was added to maintain a reflux and was diluted with 
tetrahydrofuran (30 mL). The reflux was continued for 30 minutes and the reaction 
mixture was stirred for an additional two hours at room temperature. A solution of 
3-acetyl-2,5-dimethylthiophene (5.0 g; 32.4 mmol) in anhydrous tetrahydrofuran 
(20 mL) was added slowly to the Grignard reagent, with evolution of heat. The 
reaction mixture was stirred for one to two hours, poured into a saturated solution 
of ammonium chloride, and extracted with ether. The combined ether extracts were 
dried with anhydrous magnesium sulfate and the solvent removed under reduced 
pressure to give a yellowish-brown oil (6.23 g). Bulb-to-bulb distillation (60° C, 
0.5 mm Hg) gave a yellow oil which again showed considerable amounts of 
starting material. Further purification of the oil by column chromatography (silica 
gel) was ineffective.
With both lithium and magnesium metals failing to undergo exclusive carbonyl 
addition, a cerium (III) mediated reaction was attempted according to the 
literature30*31 and resulted in no reaction, with complete recovery of starting 
materials.
21
1 .5 .4  A ttem pted Cyclization of '1.6 ' to '1.3 '.
A solution of crude 1.6 (2.12 g; 10.1 mmol) and p-toluene sulfonic acid (0.1 
g) in ether (10 mL) was refluxed for two hours. After cooling to room temperature, 
the solution was washed with saturated sodium bicarbonate and solvent removed 
under reduced pressure to give a yellow oil (1.94 g). lH NMR showed numerous 
peaks from 0.9-2.8 ppm, with a large cluster of unexpected vinyl peaks from 4.7-
6.1 ppm. This evidence suggests dehydration as the major process instead of 
cyclization.
Similar reactions with other acids such as polyphosphoric acid and 10% 
aqueous sulfuric acid gave identical NMR spectra, consistent with dehydration 
to acyclic thiophenes.
1 .5 .5  Synthesis and Attem pted Acid Catalyzed Cyclization of 3- 
(l-H ydroxy-l-m ethy I-2 -p ropeny l)-2 ,5 -d im ethy lth iophene, 
• 1 .9 '.
A solution of 3-acetyl-2,5-dimethylthiophene (15.0 g; 97.3 mmol) in 
anhydrous tetrahydrofuran (20 mL) was added to a solution of vinylmagnesium 
bromide (132 mmol) in anhydrous tetrahydrofuran (50 mL) at 0“ C, stirred for two 
hours, and warmed to room temperature where it was stirred for an additional hour. 
The reaction mixture was poured into a saturated solution of ammonium chloride 
and extracted with ether. The combined ether extracts were dried with anhydrous 
magnesium sulfate and solvent removal under reduced pressure gave a yellow oil. 
Fractional distillation under reduced pressure (b.p. 86-88° C; 1 mm Hg) gave a 
slightly yellow oil (14.2 g; 80.1% yield). and 13C NMR strongly suggest the
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structure proposed for 1.9. *H NMR (200 MHz; CDCI3) 8 1.60 (s, 3 H), 2.00 (s, 
1 H), 2.35 (s, 3 H), 2.41 (s, 3 H), 5.13 (m, 2 H), 6.09 (m, 1 H), 6.59 (s, 1 H); 
13C NMR (50 MHz; CDCI3) 14.74, 14.96, 29.25, 73.87, 111.56, 125.55, 
132.50, 134.21, 140.70, 143.90.
Attempted cyclization of 1.9 involved refluxing a solution of 1.9 (1.0 g) with 
a trace of /?-toluene sulfonic acid in ether (20 mL) for two hours. After the 
solution cooled to room temperature, the reaction mixture was washed with a 
saturated solution of sodium bicarbonate, dried with anhydrous magnesium sulfate, 
and solvent removal under reduced pressure gave a yellow oil. *H NMR suggested 
that the major product believed to be 1.11 is due to dehydration to acyclic 
thiophenes instead of cyclization to 1.10. The presence of unexpected major peaks 
at 6.52 and 6.47 ppm suggests thiophene protons and major peaks between 5.0 and 
5.6 ppm indicates the presence of terminal vinylic protons.
1 .5 .6  Synthesis o f 3,4-D ibrom o-2,5-dim ethylthiophene.
Bromine (46.8 g, 29.3 mmol) was added dropwise to a solution of 2,5- 
dimethylthiophene (15.0 g; 13.3 mmol) dissolved in glacial acetic acid (75 mL) at 
0° C. After the complete addition of bromine, a gentle stream of argon was passed 
through the reaction mixture to facilitate the removal of hydrogen bromide gas. 
Within three hours, a white solid precipitated. The reaction mixture was dissolved 
in ether and washed with excess sodium bisulfite solution. The resulting ether 
solution was washed with saturated sodium bicarbonate and dried with anhydrous 
magnesium sulfate. Solvent removal under reduced pressure gave crude 3,4- 
dibromo-2,5-dimethylthiophene (34.9 g; 97.3% yield) as a yellow oil which was
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essentially pure according to NMR. Further purification by bulb-to-bulb 
distillation yielded 3,4-dibromo-2,5-dimethylthiophene as a white solid (32.8 g; 
91.2% yield), mp: 43-45° C (lit. mp: 44-45° C).
1 .5 .7  Synthesis o f 3 -B rom o-4 -(l-hyd roxy -l,2 -d im ethy Ibu teny l)-
2 ,5 -d im ethy Ith iophene , '1 .1 2 '.
A hexane solution of n-butyllithium (2.5 M, 15.0 mL; 37.5 mmol) was added 
slowly to a solution of 3,4-dibromo-2,5-dimethylthiophene (10.08 g; 37.7 mmol) 
in anhydrous ether (100 mL) at -78° C and allowed to stir for one hour. 3-Methyl-
3-penten-2-one (4.14 g; 42.2 mmol) was added dropwise at -78° C, and the 
reaction mixture was warmed to room temperature, poured into a saturated solution 
of ammonium chloride, and extracted with ether. The combined ether extracts were 
dried with anhydrous magnesium sulfate and solvent removal under reduced 
pressure gave a clear oil (10.43 g; 96% crude yield). Fractional distillation under 
reduced pressure (115° C; 1 mm Hg) gave 1.12 as a clear oil (6.68 g; 64.2% yield) 
which *H NMR showed to be a mixture of cis-trans isomers. *H NMR (200 MHz; 
CDC13) 8 1.60 (m, 6 H), 1.70 (s, 3 H), 2.26 (s, 3 H), 2.38 (s, 1 H), 2.52 (s, 3 
H), 5.54 (m. 1 H); NMR (50 MHz; CDC13) 12.57, 13.31, 15.00, 16.99, 
27.61, 78.85, 109.07, 119.82, 129.99, 137.57, 139.96 ppm.
1 .5 .8  A ttem pted D eprotonation and Silylation of '1 .12'.
A hexane solution of n-butyllithium (2.5 M, 8.9 mL; 22 mmol) was added 
dropwise to a solution of 1.12 (2.81 g; 9.72 mmol) in anhydrous ether (50 mL) at 
-78° C and stirred for one hour. At -78° C, chlorotrimethylsilane (2.7 g, 3.1 mL;
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24 mmol) was added slowly, and the reaction mixture was warmed to room 
temperature and stirred for an additional hour. The reaction mixture was poured 
into a saturated solution of ammonium chloride and extracted with ether. The 
combined ether extracts were dried with anhydrous magnesium sulfate and solvent 
removal under reduced pressure gave an oil (2.73 g). The NMR of the crude 
product and the product purified by bulb-to-bulb distillation showed numerous 
products with unexpected major peaks, two of which were in the thiophene region 
(6.49 and 6.59 ppm).
1 .5 .9  S yn thesis o f 3 -B ro m o -4 -(l-h y d ro x y -l-m e th y lp ro p en y I)-
2 ,5 -d im ethyIth iophene, *1.13'.
A hexane solution of n-butyllithium (2.5 M, 8.3 mL; 20.8 mmol) was added 
slowly to a solution of 3,4-dibromo-2,5-dimethylthiophene (5.10 g; 18.9 mmol) in 
anhydrous ether (50 mL) at -78° C and stirred for one hour. At -78” C, methyl 
vinyl ketone (1.59 g; 22.7 mmol) was added dropwise and the reaction mixture was 
warmed to room temperature, poured into a saturated solution of ammonium 
chloride, and extracted with ether. The combined ether extracts were dried with 
anhydrous magnesium sulfate and solvent removal under reduced pressure gave an 
oil (1.54 g; 31% crude yield). Bulb-to-bulb distillation (65 “ C; 0.3 mm Hg) gave
1.13 as an oil (1.47 g; 30% yield). *H NMR (100 MHz; CDC13) 8 1.75 (s. 3 H), 
2.29 (s, 3 H), 2.53 (s, 3 H), 2.61 (s, 1 H), 5.15 (m, 2 H), 6.29 (m, 1 H).
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1 .5 .1 0  A ttem pted  Silylation of '1.13' to '1 .15 '.
A pentane solution of t-butyllithium (1.7 M, 11.0 mL; 18.6 mmol) was added 
slowly to a solution of 1.13 (1.47 g; 5.65 mmol) in anhydrous ether (30 mL) at - 
78° C and stirred for one hour. At -78° C, chlorotrimethylsilane (2.2 mL; 17 
mmol) was added dropwise and the solution was allowed to warm to room 
temperature. The reaction mixture was poured into a saturated solution of 
ammonium chloride and extracted into ether. The combined ether extracts were 
dried with anhydrous magnesium sulfate and solvent removed under reduced 
pressure to give an oil (1.76 g). NMR analysis showed numerous products, 
evident by at least six different trimethylsilyl protons (0.1-0.3 ppm) and unexpected 
thiophene protons (6.4-6.6 ppm). Purification by bulb-to-bulb distillation did not 
separate the products, evident by the NMR spectrum. A gas chromatograph / 
mass spectrum also showed at least six major peaks, none of which contained the 
parent ion of 1.15.
1 .5 .1 1  A t t e m p t e d  B r o m i n a t i o n  o f  3 - A c e t y l - 2 , 5 -
d im ethy lth iophene.
Bromine (11.4 g; 71.5 mmol) was added dropwise over 15-20 minutes to a 
solution of 3-acetyl-2,5-dimethylthiophene (9.71 g; 63.3 mmol) and sodium acetate 
(6.0 g; 73.3 mmol) in water (30 mL) and stirred for two hours. The reaction 
mixture was washed with excess thiosulfate solution, and extracted into ether. The 
combined ether extracts were dried with anhydrous magnesium sulfate and solvent 
removal under reduced pressure gave an oil (12.58 g; 85% crude yield). *H NMR
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analysis shows at least two products with the major product partial spectrum 
containing a H-CBr (4.51 ppm) and a thiophene proton (6.93 ppm), indicating that 
the predominate reaction was the bromination of the acetyl methyl group to give
1.17 instead of 1.16.
1 .5 .1 2  A ttem pted Brom ination of *1.6' to '1.13'.
A solution of bromine (1.93 g; 12.1 mmol) in acetic acid (15 mL) was added 
dropwise to a solution of 1.6 (2.0 g; 11.0 mmol) in acetic acid (25 mL) and heated 
for 15 minutes. Excess bisulfite solution was added and the reaction mixture was 
poured into cold water (100 mL) and extracted with ether. The combined ether 
extracts were dried with anhydrous magnesium sulfate and solvent removal under 
reduced pressure to give an oil (3.16 g). NMR analysis of the crude product 
shows two thiophene peaks (6.46 and 6.63 ppm) and two doublets in the BrC-H 
region (3.80 and 4.17 ppm) suggesting that the double bond was brominated 
instead of the thiophene ring.
1 .5 .1 3  S y n t h e s i s  o f  3 - B r o m o - 4 - t r i m e t h y l s i l y l - 2 , 5 -  
d im ethylth iophene, '1 .19 '.
A hexane solution of n-butyllithium (2.5 M, 5.2 mL; 13 mmol) was added 
slowly to a solution of 3,4-dibromo-2,5-dimethyl thiophene (3.51 g; 13.0 mmol) in 
anhydrous ether (50 mL) at -78° C and stirred for one hour. Chlorotrimethylsilane 
(1.8 mL; 14 mmol) was added slowly to the reaction mixture at -78° C and then 
allowed to warm to room temperature. After stirring for an additional hour, the 
reaction mixture was added to a saturated solution of ammonium chloride and
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extracted with ether. The combined ether layers were dried with anhydrous 
magnesium sulfate and solvent removal under reduced pressure gave 1.19 as a 
yellow oil (3.20 g; 94% crude yield). Further purification by bulb-to-bulb 
distillation (58-60° C. @ 0.3 mm Hg) gave a colorless oil (2.72 g; 80% yield) 
which solidified. Further purification by sublimation (40° C, 1 mm Hg) yielded 
colorless crystals, mp: 66° C. *H NMR (200 MHz; CDC13) 8 2.46 (s, 1H), 2.31 
(s, 1H), 0.38, (s, 3H). 13C (50 MHz; CDC13) 8 1.19, 14.53, 17.26, 115.04, 
130.85, 135.05, 143.38. IR (thin film, cm '1): 2953, 2921, 2898, 2858, 1520, 
1444, 1250, 1180, 1138, 1038, 996, 868 , 840, 819, 764, 705, 630. MS (m/z): 
264, 262, 249, 247, 167, 139, 137, 125, 109, 93, 91.
Anal. Calcd. for C9H15BrSSi: C; 41.06; H, 5.74. Found: C, 41.10; H, 5.70.
1 .5 .1 4  X -ray C rysta llographic  A nalysis o f '1 .19 '.
Data collection was carried out on an Enraf-Nonius CAD-4 diffractometer 
with Mo K a (0.71073 A) radiation using co-20 scans. Data reduction included 
corrections for background, Lorentz, polarization, and absorption by y  scans. 
The structure was solved using direct methods and refined by full-matrix least 
squares based upon F, with weights w=4Fo2[ct2(I) + (0.02FO2)2] '1 using the 
Enraf-Nonius structure determination package,32 scattering factors,33 and 
anomalous coefficients.34 Non-hydrogen atoms were refined anisotropically; 
hydrogen atoms were located by AF and were refined isotropically. Crystal data 
and collection parameters are shown in Table 1.3. The atomic positional and 
thermal parameters for 1.19 are given in Table 1.4.
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Table 1.3 Crystal Data and Collection Parameters for '1.19'.
formula CgHisBrSSi
Mr, g mol' 1 263.3
system monoclinic
space group P2j/m
a, A 8.8696 (5)
b, A 7.5478 (4)
c, A 9.1038 (3)
P, deg 100.149 (4)
V,A3 599.9 (1)
z 2
Dc, g/cm3 1.457
cryst size, mm 0.11 x 0.25 x 0.30
(capillary mounted)
radiation:
(graphite monochromated) Mo K a (X = 0.71073 A)
p., cm*1 36.11
temp, K 298
scan type 0)-29
collection range, deg 20 = 1 - 35 (first quadrant)
1-25 (second quadrant)
total data measured 3965
no. of unique data 2801
no. of observed data 1445 for I>1ct(I)
P 0.02
no. of variables 104
R 0.052
Rw 0.035
goodness of fit 1.484
extinction coefficient 3.6 (11) x lO-7
residual electron density (eA-3)
Maximum (near Br) 0.93
Minimum -0.21
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Table 1.4 Coordinates and Equivalent Isotropic Thermal Parameters
for ’1.19'.
Atom X y z .Beq(A2)_
Br 0.45022(4) 0.250 0.27791(5) 5.669(9)
S 0.8141(1) 0.250 0.6618(1) 5.24(2)
Si 0.8166(1) 0.250 0.1760(1) 3.97(2)
C l 0.6304(4) 0.250 0.5652(4) 4.55(8)
C2 0.6355(3) 0.250 0.4184(4) 3.70(7)
C3 0.7856(3) 0.250 0.3751(3) 3.49(6)
C4 0.8934(4) 0.250 0.5025(4) 3.99(7)
C5 0.4947(5) 0.250 0.6419(5) 6.4(1)
C6 1.0222(4) 0.250 0.1583(5) 6.4(1)
C7 0.7302(3) 0.0471(5) 0.0818(3) 6.72(7)
C 8 1.0660(4) 0.250 0.5233(5) 5.7(1)
Anisotropically refined atoms are given in the form of the isotropic equivalent 
displacement parameter defined as: Beq = -^^-Li^jUjja*a*aj • aj
1 .5 .1 5  A tte m p te d  S y n th e s is  o f  2 ,5 -D im e th y l-3 ,4 -  
bis(trim ethylsilyI)thiophene, '1.20'.
A solution of 3,4-dibromo-2,5-dimethylthiophene (2.03 g; 7.52 mmol) in 
anhydrous ether (30 mL) was treated with a hexane solution of n-butyllithium 
(2.5M, 6.6  mL; 16 mmol) and allowed to stir for three hours at -78° C. 
Chlorotrimethylsilane (2.3 mL; 18 mmol) was added at -78° C and stirred for an 
additional hour. After the solution warmed to room temperature, the reaction 
mixture was poured into a saturated solution of ammonium chloride and extracted 
with ether. The combined ether extracts were dried with anhydrous magnesium
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sulfate and solvent removed under reduced pressure to yield a yellow oil (1.80 g) 
which solidified upon standing. The and 13C NMR spectra matched exactly 
with those obtained for pure 1.19. This method gave a 91% crude yield for 1.19.
1 .5 .1 6  General Procedure for the Attempted M etallation of 
'1.19* with Lithium, Sodium, and Potassium.
A solution of 1.19 in anhydrous ether was treated with two equivalents of 
metal (lithium or sodium). When it was apparent that no reaction took place, the 
reaction mixture was subjected to ultrasound at room temperature for two hours. 
The reaction mixture was then treated with one equivalent of acetic anhydride, 
stirred for an additional hour, poured into ice water, and then extracted with ether. 
The combined ether extracts were washed with saturated sodium bicarbonate 
solution and dried with anhydrous magnesium sulfate. The solvent was removed 
under reduced pressure with quantitative recovery of 1.19. When 1.19 was 
refluxed with potassium and then treated with acetic anhydride as above, a complex 
mixture of products resulted, none of which resembled the desired products 
according to 1H NMR analysis.
1 .5 .1 7  A ttem pted Synthesis o f  3 -(l-H y d ro x y -l-m eth y l-2 -  
propeny 1)-4-tr im eth y ls ily  1-2,5-d im e thy lth io p h en e , 
’1 .2 0 ’.
A pentane solution of t-butyllithium solution (1.7 M, 9.9 mL; 16.9 mmol) was 
added slowly to a solution of 1.19 (2.02; 7.67 mmol) in anhydrous ether (50 mL) 
and stirred at -78° C for two hours. Methyl vinyl ketone (0.60 g; 8.45 mmol) was 
added dropwise and stirred for one hour at -78° C and one hour at room
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temperature. The reaction mixture was poured into a saturated solution of 
ammonium chloride and extracted with ether. The combined extracts were dried 
with anhydrous magnesium sulfate. Solvent removal at reduced pressure gave an 
oil (2.12 g). NMR analysis of the crude material showed at least four silylated 
compounds (between 0.2 and 0.4 ppm), a thiophene proton at 6.58 ppm, and no 
vinyl proton peaks. 13C NMR analysis showed no [C-O] peak or vinyl carbon 
signals. This is not consistent with what is expected from 1.22. Gas 
chromatograph/mass spectrum showed at least ten different peaks of similar 
intensity, with only one peak where the parent ion mass resembles that of 1.22 .
1 .5 .1 8  Synthesis of 2 ,3 ,5-T rlm ethyl-4-trim ethylsiIylthiophene, 
’1 .2 1 '.
A pentane solution of t-butyllithium (1.7 M, 4.9 mL; 8.4 mmol) was added 
slowly to a solution of 1.19 (1.0 g; 3.80 mmol) in anhydrous ether (30 mL) and 
stirred for two hours at -78° C, followed by the addition of methyl iodide (1.2 g;
8.4 mmol). The reaction mixture was allowed to warm to room temperature where 
it was stirred for 18 hours, poured into a saturated solution of ammonium chloride, 
and extracted with ether. The combined ether extracts were dried with magnesium 
sulfate and solvent removal under reduced pressure gave 1.21 as a white solid 
(0.77 g) contaminated with a small amount of starting material. Sublimation of the 
crude material gave a white solid (0.74 g; 98% yield): mp 62° C. JH NMR (200 
MHz; CDC13) 5 0.30 (s, 9 H), 2.13 (s, 3 H), 2.26 (s, 3 H), 2.44 (s, 3 H). 13C 
NMR (50 MHz; CDC13) 12.50, 15.25, 16.69, 129.46, 135.85, 138.35, 142.23 
ppm. MS (m/z): 198, 183, 155, 141, 129, 91. IR (thin film; cm-1) 2968, 2921, 
2861, 2361, 2341, 1255.
CHAPTER TWO
Stereoselectivity in the Synthesis of Tetramethylethano-Bridged 
3,3'-Di-tert-butyltitanocene Dichloride
2 .1  Introduction.
The use of chiral cyclopentadienyl ligands as potential chiral auxiliaries in 
asymmetric organometallic reactions is well documented.35-46 The stereochemistry 
of asymmetric hydrogenation47 and isotactic Ziegler-Natta polymerization48’49 can 
be controlled using asymmetric titanocene and zirconocene dichloride precatalysts, 
respectively. Figure 2.1 demonstrates how a chiral metallocene controls the 
approach of a prochiral alkene for asymmetric hydrogenation.
Figure 2.1 Approach of prochiral alkene to chiral titanocene dihydride
intermediate.
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2 .2  C atalyst Design.
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The design of the tetramethyl ethano bridged di t-butyl (TMEDT) metallocene 
is shown in Figure 2.2. The placement of identical substituents on each 
cyclopentadienyl of the metallocene oriented anti to each other will make the 
molecule chiral and give it C2-symmetry. As a consequence of the C2-symmetry, 
each reactive face of the metallocene is identical. Bridging the cyclopentadienyls 
together prevents free rotation of the cyclopentadienyls, thus preserving the steric 
integrity of the molecule.
Figure 2.3 illustrates two retrosynthetic pathways to the TMEDT ligand from 
readily available 6,6-dimethylfulvene. Using retrosynthetic pathway B, Brintzinger 
and co-workers reported the synthesis of bridged titanocene dichlorides, 2.1 
(meso), where the t-butyl groups have a syn geometry with respect to each other, 
and 2.2 (racemic), where the t-butyl groups are anti to each other.50 These
 -(■  C 2 axis
C l
Figure 2.2 Design of Anti-TMEDT-Ti-Cl2, 2.2.
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complexes were prepared by reaction of TMEDT-cyclopentadienyl magnesium 
chloride with TiCl3-3THF and resulted in a 2.5:1 selectivity favoring the desired 
racemic (anti) isomer over the meso (syn) isomer, as shown in Figure 2.4. The 
goal of this work was to devise an alternate synthesis to produce 2.2 exclusively.
Figure 2.3 Retrosynthetic analysis of the TMEDT ligand.
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Figure 2.4 Synthetic route for titanocene dichlorides 2.1 and 2.2 developed by 
H.H. Brintzinger and co-workers using retrosynthetic route B.
2 .3  Results and Discussion.
2 .3 .1  Synthesis of Difulvene '2.3 '.
2.3 was synthesized via a modification of a procedure by Stone and Little51 
by treating proton shift isomers of 2,3-bis(cyclopenta-l,4-diene-2,3- 
dimethylbutane) with pyrrolidine and excess acetone at room temperature in
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methanol to give 2.3 in a 82% yield. 2.3 is highly crystalline and the X-ray 
structure has been determined.52 Tables 2.1 and 2.2 list bond distances, bond 
angles, and selected torsion angles of 2.3. Figure 2.5 is a perspective drawing of 
2 .3 .
Table 2.1 Bond Distances (A) of '2.3’.
C l C l ' 1.583(3) Cl C2 1.513(2) Cl C8 1.537(2)
Cl C9 1.542(3) C2 C3 1.344(2) C2 C6 1.479(2)
C3 C4 1.459(2) C4 C5 1.462(2) C4 C l 1.346(2)
C5 C6 1.336(3) C7 CIO 1.496(3) Cl C ll 1.501(3)
Table 2.2 Bond Angles (“) and Selected Torsion Angles (°) of '2.3'.
Cl* Cl C2 111.4(2) C l ' C l C8 110.6(2) Cl* C l C9 111.1(2)
C2 Cl C8 108.8(1) C2 C l C9 108.3(2) C8 Cl C9 106.7(2)
Cl C2 C3 129.2(2) Cl C2 C6 124.3(2) C3 C2 C6 106.5(2)
C2 C3 C4 110.5(2) C3 C4 C5 104.6(2) C3 C4 C l 128.7(2)
C5 C4 C l 126.6(2) C4 C5 C6 108.7(2) C2 C6 C5 109.8(2)
C4 Cl CIO 121.5(2) C4 C l C ll 123.7(2) CIO Cl C ll 114.8(2)
C5 Cl C6 Cl -0.3(4) C2 C l C6 C ll 0.5(4)
The cyclopentadienylidene ring exhibits the expected localized valence bond 
alternation within the five-membered ring. The bond angle exo to the exocyclic 
double bond is 114.8(2)°. The pentafulvenes are anti and the methyl groups are all 
gauche to the pentafulvene rings. The cyclopentadienylidene ring is planar with
maximum deviation of 0 .002(2) A. Dimethylfulvene at 248 K53 and the 
dipentafulvenes, l,4-(2,4-cyclopentadien-l-ylidene)cyclohexane54, 1,5- 
bis(cyclopenta-2,4-dien-l-ylidene)cyclooctane ,55 9-(2,4-cyclopentadien-l- 
ylidene)bicyclo[3.3. l ]nonane ,56 and cis-3,7-bis(cyclopenta-2,4-dien-1- 
ylidene)bicyclo[3.3.0]-octane57 exhibit a similar localized valence bond alternation 
within the five-membered rings. The bond angle exo to the pentafulvene ring 
exocyclic double bond, C10-C7-C11=114.8(2)° is similar to the analogous bond 
angles of dimethylfulvene, 114.0(6)°, and l,4-(2,4-cyclopentadien-1- 
ylidene)cyclohexane, 112.71(9)°.
Figure 2.5 ORTEP drawing of 2.3 representing C atoms as 40% probability ellipsoids
and H atoms as circles of arbitrary radius.
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2 .3 .2  Synthesis of Dilithio Salt, '2 .4 '.
Reaction of 2.3 with excess methyllithium in anhydrous ether followed by 
washing the dilithio salt with fresh anhydrous ether gave 2.4 which was dissolved 
in anhydrous tetrahydrofuran. This solution was then treated with various titanium 
sources as outlined below.
2 .3 .3  Synthesis o f Meso and Racemic TM EDT-Ti-Cl2, '2 .1 ' and 
' 2 . 2 ' .
Attempts to synthesize 2.2 using the lithium reagent, 2.4, with TiCl3-3THF, 
TiCLj, and titanocene dichloride resulted in a 1:4 to a 1:1 racemic : meso mixture in 
a combined yield of 20% to 44%, is demonstrated in Figure 2.6.58 Collins and co­
workers reported similar racemic : meso selectivities of 1:1.3 to 1:2.0 for the 
synthesis of the unmethylated ethano bridged substituted titanocene dichlorides 
when lithium bis(cyclopentadienide) is used.59 It is surprising that the magnesium 
and lithium bis(cyclopentadienides) should prefer opposite isomers, but the relative 
energy difference between a 2.5:1 and 1:2 racemic : meso ratio is small 
(approximately 1-2 kcal / mole).
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Figure 2.6 Synthetic route to 2.1 and 2.2 using retrosynthetic route A.
The results for the synthesis of 2.1 and 2.2 using various titanium sources 
are summarized in Table 2.3. Although many different titanium sources were used 
in attempts to favor the racemic isomer, only the use of a directing ligand on the 
titanium to control the stereoselectivity of titanium complexation of 2.4 was 
successful in producing the racemic isomer exclusively. Others have used 1,1-bi- 
2-naphtholate to concomitantly separate and resolve racemic bridged titanocene
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derivatives,60 but this method of directing the approach of the incoming substituted 
bridged bis(cyclopentadienide) is novel.
Table 2.3; Selectivity for the Reaction of '2.4' with Various
Titanium Sources.
Ti SOURCE TEMP TCI
TiCl4 -78
TiCl3 - 3THF -78
24
TiCp2Cl2 24
YIELD RAC : MESO
20% 1 :4
44% 1 :4
36% 1 : 2
30% 1 : 1
2 .3 .3 .1  Via TiCl3-3THF and TiCI4.
Solutions of 2.4 were treated with TiCl3-3THF or TiCl4 in anhydrous 
tetrahydrofuran at -78° C. After refluxing for 18-24 hours and standard work up, 
solvent removal gave titanocene dichloride isomers 2.2 and 2.1 in a 1:4 ratio as 
determined by 1H NMR analysis. When TiCl3-3THF was added at room 
temperature, the ratio of 2.2 to 2.1 increased to 1:2 in a similar yield. 
Recrystallization of the 1:4 mixture from refluxing toluene yielded the pure meso 
isomer in two forms: red hexagonal plates (solvate), which lost solvent readily and 
orange rectangular plates. Single crystal X-ray analysis of the red and orange plates 
confirmed a syn geometry for the major isomer, 2.1.61 Unresolved disorder in the 
solvent led to slightly lower precision for this structure, therefore it will not be 
discussed in detail.
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Selected bond lengths, bond angles, and torsion angles for unsolvated 2.1 
are presented in Table 2.4 and 2.5. The chloride atoms in 2.1 lie in different 
environments; Ti-Cl(l) and Ti-Cl(2) bond distances are 2.3276 (6) and 2.3597 (6) 
A, respectively. The Cl(l)-Ti-Cl(2) bond angle, 96.35 (3)°, is 1 to 2° wider than 
the analogous bond angles in titanocene dichloride62 and the ethano-bridged 
titanocene dichloride derivative.63 This appears to better accommodate the crowded 
Cl(l) in the groove of the t-butyl groups. The t-butyl groups are displaced out from 
the Cpl and Cp2 plane by 10.9° and 11.0°, respectively and the cyclopentadienyl 
ring carbons attached to the tetramethylethano-bridge exhibit a torsion angle, Cl- 
C6-C7-C8, of 36.0(3)°. The Cpl centroid-Ti and Cp2 centroid-Ti distances are 
2.092 and 2.014 A, respectively and the Cpl centroid-Ti-Cp2 centroid angle is 
128.8°, which are within the expected values for titanocenes. Figure 2.7 shows a 
perspective drawing of the unsolvated form of 2 .1.
Table 2.4 Bond Lengths (A) for '2.1' (unsolvated).
Ti Cl(l) 2.3276(6) Cl C6 1.521(3) Ti Cl(2) 2.3597(6)
C2 C3 1.413(3) Ti Cl 2.374(2) C3 C4 1.396(3)
Ti C2 2.424(2) C3 C17 1.525(3) Ti C3 2.507(2)
C4 C5 1.405(3) Ti C4 2.416(2) C6 C l 1.576(3)
Ti C5 2.329(2) C6 C13 1.536(3) Ti C8 2.339(2)
C6 C14 1.543(4) Ti C9 2.427(2) Cl C8 1.526(3)
Ti CIO 2.526(2) C l C15 1.533(3) Ti C ll 2.437(2)
C l C16 1.544(3) Ti C12 2.322(2) C8 C9 1.413(3)
Cl C2 1.412(3) C8 C12 1.426(3) Cl C5 1.417(3)
C9 CIO 1.411(3) CIO C ll 1.406(3) C17 C20 1.539(3)
CIO C21 1.524(3) C21 C22 1.543(4) C ll C12 1.388(3)
C21 C23 1.521(4) C17 C18 1.522(3) C21 C24 1.517(4)
C17 C19 1.528(3)
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Table 2.5 Bond Angles (°) and Selected Torsion Angles (°) for '2.1'
(unsolvated).
Cl(l) Ti Cl(2) 96.35(3)
C5 C l C6 127.7(2)
C2 C3 C4 106.3(2)
C4 C3 C17 125.1(2)
C3 C4 C5 109.2(2)
C l C5 C4 108.6(2)
C l C6 C13 108.4(2)
C l C6 C14 109.4(2)
C7 C6 C13 112.1(2 )
C l C6 C14 112.7(2)
C6 C l C8 108.3(2)
C6 C l C15 112.5(2)
C8 C l C15 108.4(2)
C9 CIO C ll 105.9(2)
C3 C17 C20 104.9(2)
C18 C17 C19 110.1(2 )
C19 C17 C20 108.1(2)
CIO C21 C22 106.1(2)
CIO C21 C24 112.9(2)
C22 C21 C23 108.7(2)
C22 C21 C24 107.7(2)
C23 C21 C24 109.4(2)
C2 Cl C6 126.6(2)
C l C2 C3 110.2 (2 )
C2 C3 C17 127.6(2)
C2 Cl C5 105.6(2)
C15 C l C16 106.9(2)
C l C6 C l 108.5(2)
C l C8 C9 127.2(2)
C l C8 C12 127.5(2)
C9 C8 C12 105.3(2)
C13 C6 C14 105.7(2)
C8 C9 CIO 110.3(2)
C6 C l C16 112.2(2 )
C8 C l C16 108.4(2)
C9 CIO C21 126.7(2)
C ll CIO C21 126.0(2)
C18 C17 C20 109.5(2)
CIO C ll C12 109.5(2)
CIO C21 C23 111.9(2)
C8 C12 C ll 108.9(2)
C3 C17 C18 111.6 (2 )
C3 C17 C19 112.5(2)
C6 C l C2 C3 174.8(2)
C2 C l C6 C l 75.0(3)
C2 C l C6 C14 -161.7(2)
C5 C l C6 C13 130.0(3)
C l C2 C3 C4 2.5(3)
C2 C3 C4 C5 -1.4(3)
C2 C3 C17 C18 -141.2(3)
C2 C3 C17 C20 100.3(3)
C4 C3 C17 C19 176.6(2)
C l C6 C l C8 36.0(3)
C l C6 C l C16 155.6(2)
C6 Cl C5 C4 -175.6(2)
C2 C l C6 C13 -46.9(4)
C5 C l C6 C l -108.0(3)
C5 C l C6 C14 15.3(4)
C l C2 C3 C17 -166.0(2)
C17 C3 C4 C5 167.6(2)
C2 C3 C17 C19 -16.9(4)
C4 C3 C17 C18 52.3(3)
C4 C3 C17 C20 -66 .2 (2)
C l C6 C l C15 -83.9(3)
C13 C6 C l C8 155.6(2)
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Table 2.5 (cont.) Bond Angles O  and Selected Torsion Angles O
for *2.1' (unsolvated).
C13 C6 C7 C15 35.8(3) C13 C6 C l C16 -84.8(3)
C14 C6 C7 C8 -85.3(3) C14 C6 C l C15 154.8(2)
C14 C6 C7 C16 34.3(3) C6 C l C8 C9 -135.5(2)
C6 C7 C8 C12 46.5(3) C15 C l C8 C9 -13.1(3)
C15 C7 C8 C12 168.8(2) C16 C l C8 C9 102.6(3)
C16 C7 C8 C12 -75.5(3) C l C8 C9 CIO -177.3(2)
C7 C8 C12 C ll 177.7(2) C8 C9 CIO C21 166.1(2)
C9 CIO C ll C12 0.6(3) C21 CIO C ll C12 -166.7(2)
C9 CIO C21 C22 -71.9(3) C9 CIO C21 C23 169.6(3)
C9 CIO C21 C24 45.8(4) C ll CIO C21 C22 92.8(3)
C l l CIO C21 C23 -25.7(4) C ll CIO C21 C24 -149.5(3)
Figure 2.7 ORTEP drawing of 2.1 (unsolvated).
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2 .3 .3 .2  Via T itanocene Dichloride.
2.4 was added to titanocene dichloride in anhydrous tetrahydrofuran at room 
temperature and was refluxed for 19 hours. Although titanocene dichloride may be 
an odd titanium(IV), this procedure has been used previously in the synthesis of 
bridged titanocene dichlorides.64’65 After oxidation with carbon tetrachloride and 
purification by flash chromatography on silica gel, the product ratio of 2.2 and 2.1 
was 1:1 in a combined 30% yield.
The meso isomer, 2.1, is photochemically inert unlike titanocene dichloride66 
and resists conversion to the racemic isomer 2 .2 , contrary to other examples of 
titanocene dichlorides of this type.67 Therefore, an alternate synthesis was devised 
using a C2 symmetric directing ligand at the titanium center to guide the incoming 
lithium TMEDT bis(cyclopentadienyl) anion t-butyl groups in the anti geometry.
2 .3 .4  Synthesis o f R acem ic-T M E D T -T i-B inaph tho late  '2 .6 ' 
by Using a C2 Symmetric Directing G roup.
Titanocene alkoxide and aryloxide complexes are common, and are typically 
synthesized via the action of an alkoxide or aryloxide on titanocene dichloride.60 
Our synthesis differs in that the bridged cyclopentadienyls react with a titanium 
dichloride-binaphtholate adduct, thus replacing the two chlorides with T|5- 
cyclopentadienyl ligands. The binaphtholate rings create a C2 symmetric "groove" 
that directs the t-butyl groups to a conformation of minimum steric interaction as 
shown in the proposed intermediates in Figure 2.8. The syn rj1 complex is far less
47
stable because of steric interaction between t-butyl groups and binaphtholate rings. 
The anti q 1 complex formation is favorable and leads to the anti T|5 complex, 2.6.
■ii
syn q 1 complex anti q 1 complex
Figure 2.8 q 1 intermediates formed in the reaction between 2.4 and 2.5.
Treatment of 2.4 with the freshly generated 1:1 adduct of racemic l,l'-bi-2- 
naphtholate, 2 .5 , and TiCl4 gave the anti titanocene l,l'-bi-2-naphtholate 
derivative, 2.6, in a 15% yield as shown in Figure 2.9. Flash chromatography on 
silica gel, eluting with a hexane-dichloromethane gradient, followed by 
recrystallization of 2.6 from refluxing toluene gave X-ray quality red rectangular 
plates. The l , l ’-bi-2-naphtholate adduct 2.5 quickly oligomerizes so it must be 
treated with 2.4 promptly or the yield of any titanocene product is diminished. The 
yield of 2.6 was reduced to 8% and to 5% with longer reaction times at -78° C for 
the TiCl4 and l , l ’-bi-2-naphtholate reaction. Also, the isolated adduct of 1,1 *-bi- 
2-naphtholate and TiCl4 gave no significant yield of 2.6 when reacted with 2.4.
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.•■•II
2.2
1. M eLi/TH F
2. TiCl4
HC1
Hexane
2.4 /  THF
100%
. ..»iO
9-15 %
Figure 2.9 Reaction scheme for the synthesis of 2.2 via 2.6.
Compound 2.6 is not formed by reaction of unreacted TiCl4 with 2.4 
followed by a derivatization of only the anti titanocene isomer and a selective 
destruction of the meso isomer. The isolated 1:4 ratio of 2.2 and 2.1 when treated 
with l ,l '-b i-2 -naphtholate under similar reaction conditions did not give an 
appreciable yield of the racemic titanocene product 2 .6 , but the predominate 
product is a meso TMEDT-Ti-binaphtholate-chloride derivative. This compound 
was not formed as an appreciable co-product with 2 .6 .
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Figure 2.10 shows the ORTEP drawing of 2.6. Inspection of the X-ray
crystal structure of 2.6  shows that the desired anti geometry is probably controlled
by the steric interactions between t-butyl groups and the binaphtholate rings. The t-
butyl groups in 2 .6  are displaced outwards from the plane defined by their
respective cyclopentadienyls (10.2° and 9.2"). The crystal structure of the meso
titanocene dichloride showed a similar t-butyl-group outward displacement of about
11° from the cyclopentadienyl plane. This is not much different than the t-butyl
displacement observed in the unbridged dichlorobis(r|5-t-butyl cyclopentadienyl)
titanium (TV) (10.5°)® and the methyl displacement in the permethylated titanocene
70dichloride (approxim ately 8 °). However, steric interactions between 
binaphtholate and syn oriented t-butyls would have been prohibitive.
Bond lengths and bond angles are included in Tables 2.6 and 2.7. Other 
structural features of note for 2.6 include O l-Ti-02 bond angle of 94.09(6)° which 
is similar to the Cl-Ti-Cl bond found in titanocene dichlorides and the unequal Ti-O 
bond lengths: Ti-Ol=1.908(2) A and Ti-02=1.923(2) A. The centroid-Ti bond 
lengths are Cil-Ti=2.118 A and Ti-Ci2=2.112 A and the centroid-Ti-centroid bond 
angle is 128.5° which are similar to those found in 2.1 at 2.092 A, 2.014 A, and 
128.8°, respectively. The torsion angle about the central C-C bond of the 
binaphtholate ligand is -60.84(4)°.
Figure 2.10 ORTEP drawing of 2,6. uo
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The solvate form of 2.6 crystallizes from 25:75 toluene:hexane as orange 
plates with composition 2.6* 1/2 C6H 14. We have also determined the structure of 
this solvate by X-ray crystallography. The molecular structure of 2.6 in the solvate 
crystal is nearly identical to that in the unsolvated crystal, including the unequal Ti- 
O bond distances (1.904(3) and 1.926(3) A). Unresolved disorder in the solvent 
led to lower precision for this structure, therefore it will not be discussed in detail.
Table 2.6 Bond Distances (A) for '2.6'.
Ti Ol 1.908(1) C21 C22 1.531(3) C l C6 1.515(3)
Ti 0 2 1.923(1) C21 C23 1.536(3) C2 C3 1.394(3)
Ti C l 2.377(2) C21 C24 1.526(3) C3 C4 1.403(3)
Ti C2 2.433(2) C25 C26 1.419(3) C3 C17 1.520(3)
Ti C4 2.447(2) C25 C34 1.386(3) C4 C5 1.407(3)
Ti C5 2.351(2) C26 C l l 1.356(3) C6 C l 1.569(3)
Ti C8 2.404(2) C l l C28 1.406(3) C6 C13 1.548(3)
Ti C9 2.448(2) C28 C29 1.416(3) C6 C14 1.548(4)
Ti C l l 2.423(2) C40 C41 1.394(4) C l C8 1.526(3)
Ti C12 2.337(2) C41 C42 1.360(3) C l C15 1.535(4)
Ol C25 1.348(2) C34 C44 1.489(3) C l C16 1.549(3)
0 2 C35 1.356(2) C35 C36 1.416(3) C8 C9 1.410(3)
C l C2 1.427(3) C35 C44 1.388(3) C8 C12 1.405(3)
C l C5 1.408(3) C36 C37 1.353(3) C9 CIO 1.416(3)
CIO C ll 1.400(3) C37 C38 1.404(3) C28 C33 1.418(3)
CIO C21 1.518(3) C38 C39 1.414(3) C29 C30 1.360(4)
C l l C12 1.419(3) C38 C43 1.424(3) C30 C31 1.395(4)
C17 C18 1.532(3) C39 C40 1.357(4) C31 C32 1.367(3)
C17 C19 1.538(3) C42 C43 1.415(3) C32 C33 1.419(3)
C17 C20 1.524(3) C43 C44 1.432(3) C33 C34 1.436(3)
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Table 2.7 Bond Angles O  for '2 .6 '.
Ol Ti 0 2 94.09(6)
Ol Ti C l 128.04(7)
Ol Ti C2 94.27(7)
Ol Ti C4 91.19(7)
Ol Ti C5 125.03(8)
Ol Ti C8 128.43(7)
Ol Ti C9 138.03(7)
Ol Ti C ll 83.23(7)
Ol Ti C12 94.19(7)
0 2 Ti C l 119.75(7)
0 2 Ti C2 140.22(7)
0 2 Ti C4 86.28(7)
0 2 Ti C5 87.74(7)
0 2 Ti C8 120.69(7)
C2 Ti C ll 120.97(8)
C2 Ti C12 87.51(8)
C4 Ti C5 34.02(8)
C4 Ti C8 124.96(8)
C4 Ti C9 130.68(8)
C4 Ti C ll 172.80(8)
C4 Ti C12 142.17(8)
C5 Ti C8 95.41(8)
C5 Ti C9 96.95(8)
C5 Ti C ll 150.73(8)
C5 Ti C12 124.92(9)
C8 Ti C9 33.77(7)
C8 Ti C ll 56.78(7)
C8 Ti C12 34.45(7)
C2 C3 C4 106.6(2)
C2 C3 C17 127.3(2)
C4 C3 C17 125.5(2)
Ti C4 C3 77.6(1)
Ti C4 C5 69.3(1)
C3 C4 C5 108.6(2)
Ti C5 C l 73.7(1)
Ti C5 C4 76.7(1)
0 2 Ti C9 86.98(7)
0 2 Ti C l l 98.61(7)
0 2 Ti C12 130.46(7)
C l Ti C2 34.48(7)
C l Ti C4 56.71(8)
C l Ti C5 34.64(7)
C l Ti C 8 68.36(8)
C l Ti C9 85.64(8)
C l Ti C ll 123.91(8)
C l Ti C12 91.69(8)
C2 Ti C4 54.73(8)
C2 Ti C5 56.15(8)
C2 Ti C 8 82.41(8)
C2 Ti C9 111.31(8)
C9 Ti C ll 55.27(7)
C9 Ti C12 56.15(7)
C ll Ti C12 34.63(7)
Ti Ol C25 125.4(1)
Ti 0 2 C35 119.6(1)
Ti C l C2 74.9(1)
Ti Cl C5 71.7(1)
Ti Cl C6 121.6(2)
C2 C l C5 105.3(2)
C2 Cl C6 126.7(2)
C5 Cl C6 127.9(2)
Ti C2 C l 70.6(1)
Ti C2 C3 78.3(1)
C l C2 C3 110.3(2)
C13 C6 C14 105.7(2)
C6 C l C8 108.5(2)
C6 C l C15 112.7(2)
C6 C7 C16 113.0(2)
C8 C l C15 109.3(2)
C8 C l C16 107.4(2)
C15 C l C16 105.9(2)
Tx C8 C l 121.9(1)
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Table 2.7 fcont.) Bond Angles O  for ’2.6’.
C l C5 C4 109.0(2)
C l C6 C l 109.3(2)
C l C6 C13 107.2(2)
C l C6 C14 108.8(2)
C7 C6 C13 112.9(2)
C l C6 C14 112.8(2)
Ti C9 CIO 76.7(1)
C8 C9 CIO 109.7(2)
C9 CIO C ll 106.7(2)
C9 CIO C21 125.7(2)
C ll CIO C21 127.1(2)
Ti C ll CIO 77.8(1)
Ti C ll C12 69.4(1)
CIO C ll C12 108.3(2)
Ti C12 C8 75.4(1)
Ti C12 C ll 76.0(1)
C8 C12 C ll 108.7(2)
C3 C17 C18 112.5(2)
C3 C17 C19 105.6(2)
C3 C17 C20 111.5(2)
C27 C28 C29 121.4(3)
C27 C28 C33 118.8(2)
C29 C28 C33 119.8(3)
C28 C29 C30 120.8(3)
C29 C30 C31 120.1(3)
C30 C31 C32 120.5(3)
C31 C32 C33 121.6(3)
C28 C33 C32 117.2(2)
C28 C33 C34 120.2(2)
C32 C33 C34 122.6(2)
C25 C34 C33 118.4(2)
C25 C34 C44 121.9(2)
C33 C34 C44 119.7(2)
0 2 C35 C36 118.0(2)
C34 C44 C35 121.4(2)
C34 C44 C43 120.5(2)
TI C8 C9 74.8(1)
Ti C8 C12 70.1(1)
C l C8 C9 126.1(2)
C l C8 C12 127.5(2)
C9 C8 C12 106.4(2)
Ti C9 C8 71.4(1)
C18 C17 C19 108.6(2)
C18 C17 C20 109.3(2)
C19 C17 C20 109.2(2)
CIO C21 C22 112.4(2)
CIO C21 C23 105.7(2)
CIO C21 C24 111.7(2)
C22 C21 C23 108.7(2)
C22 C21 C24 109.3(2)
C23 C21 C24 108.9(2)
Ol C25 C26 118.0(2)
Ol C25 C34 121.6(2)
C26 C25 C34 120.3(2)
C25 C26 C ll 121.0 (2)
C26 C27 C28 121.0 (2)
0 2 C35 C44 121.2(2)
C36 C35 C44 120.8(2)
C35 C36 C37 120.3(2)
C36 C37 C38 121.3(2)
C37 C38 C39 121.8(2)
C37 C38 C43 118.8(2)
C39 C38 C43 119.3(2)
C38 C39 C40 121.1(3)
C39 C40 C41 119.8(2)
C40 C41 C42 121.1(3)
C41 C42 C43 121.2(2)
C38 C43 C42 117.5(2)
C38 C43 C44 119.9(2)
C42 C43 C44 122.5(2)
C35 C44 C43 118.1(2)
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2 .3 .5  Use of O ther C2 Sym m etric Directing Groups.
Experiments using other dialkoxy and diaryloxy anti-directors at the titanium 
center were investigated. The study centered on the use of vicinal diols that could 
form five membered rings with titanium, however, 1,2-catechol, 2,3-dimethyl-2,3- 
butanediol, and hydrobenzoin titanium alkoxide-dichloride derivatives prepared 
according to the l,l'-b i-2-binaphtholate titaniumdichloride method failed to react 
with 2.4.
2 .3 .6  Synthesis of Racem ic-TM ED T-Ti-C l2, '2 .2 '.
Treatment of 2.6 with excess HC1 gas in hexane, solvent removal, and silica 
gel flash column chromatography with hexane/ether, as with the mixture of 2.1 and 
2 .2 , gave exclusively the racemic titanocene dichloride derivative, 2 .2 , which 
matches the NMR assigned to the minor isomer produced by reaction of 2.3 
with the various titanium sources. The crystal structure of 2.2, could not be solved 
with satisfactory resolution because of the presence of two independent molecules 
that are not related by symmetry and unresolved disorder in the tetramethylethano 
bridge, although the crystallographic data strongly suggest the expected anti 
conformation.71
Titanocene derivatives 2.1, 2.2, and 2.6 are inert toward silica gel. Other 
titanocene dichlorides and even bridged titanocene dichlorides are sensitive to 
purification on silica gel chromatography, requiring at least silanized silica gel and 
sometimes low temperatures.60’67 An initial wash with hexane left 2.1 and 2.2 at 
the origin and eluted the hydrocarbon impurities. Hexane slowly eluted 2.6. A
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hexane/dichloromethane gradient moved 2 .1, 2 .2 , and, 2.6 quickly, but eluted 
binaphthol very slowly. A hexane/ether gradient moved them equally as fast. 
These properties allow for easy purification and are important when precatalyst 
separation /  recovery are considered.
2 .3 .7  Proton NMR Analysis o f Titanocenes '2.1', '2.2' and 
' 2 . 6 ' .
The *H NMR spectra of 2.1, 2.2, and especially 2.6 have interesting 
features. The peak positions of the bridge methyl protons on 2.1 and 2.2 shift 
upfield by almost 0.5 ppm when the NMR solvent was changed from CDCI3 (1.34 
and 1.46 ppm for 2.1 ; 1.37 and 1.43 ppm for 2.2) to benzene-d^ (0.92 and 0.99 
ppm for 2.1 ; 0.93 and 0.99 ppm for 2.2) the solvent used by Brintzinger and co­
workers. The Iff NMR spectrum of 2.6 in CDCI3 showed a relatively small shift 
in the bridge methyl protons (1.30, 1.41, 1.57, 1.81 ppm) from the values 
observed for 2.1 and 2 .2 , however, the t-butyl group protons shift upfield (at 
0.63 ppm) by almost 0.8 ppm from the tert-butyl resonances of 2.1 and 2.2. This 
upfield t-butyl shift due to shielding by the aromatic ring has precedent.60
2 .3 .8  Attempted Hydrogenation of a-Ethylstyrene Using '2.2' as 
a Precatalyst.
The prochiral alkene, a-ethylstyrene, was used as a substrate to test the 
effectiveness of 2.2 as an asymmetric hydrogenation precatalyst. When 2.2 and a 
solution of Red-Al (3.4 M, sodium bis(2-methoxyethoxy)aluminum hydride in 
toluene) was subjected to hydrogen at atmospheric pressure, the green color that is
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associated with the titanocene hydride intermediate was observed, but no 
hydrogenation product was detected.
2 .4  C onclusion.
Although there is no significant difference in yield of titanocene dichlorides 
from the reaction of the TMEDT dianion with TiCl4, the synthetic route developed 
by H.H. Brintzinger gave the highest amount of the desired stereoisomer 2.2. 
Neither method produced 2.2 exclusively. The use of a chiral C2 symmetric 
director on titanium forced the t-butyl groups anti to each other. This was 
accomplished by reacting the TMEDT dianion with the freshly generated adduct of 
dilithiobinaphtholate and TiCl4 to give a 9-15% yield of anti-TMEDT-Ti- 
Binaphtholate, 2.6. Treatment of 2.6 with HC1 gas in hexane generated 2.2 in a 
quantitative yield. The utility of 2.5 as an effective director for the t-butyl groups 
is limited because it quickly oligomerizes to an unreactive substrate, leading to low 
yields of 2 .6 .
The low overall yield in the synthesis of 2.2 and its failure to act as an 
effective hydrogenation precatalyst precluded further work on this type of catalyst. 
Future work that may be warranted for this type of compound involves the 
replacement of the t-butyl groups with isopropyl groups. This can easily be 
accomplished by treating the difulvene precursor 2.3 with lithium aluminum 
hydride instead of methyllithium, with subsequent reaction with TiCl3*3THF. The 
ratio of racemic to meso isomer in the proposed reaction is uncertain as with the 
TMEDT dianion.
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2 .5  E xperim ental Section.
G eneral P rocedures: All reactions were carried out under argon
atmosphere using Schlenk techniques. NMR spectra were recorded on the IBM 
AF100, Bruker AC/WP200, and Bruker AM400 multiprobe spectrometers. 
Chemical shifts are reported in 8 or ppm downfield from tetramethylsilane. 
Infrared spectra were recorded on a Beckman IR4230. Elemental analysis were 
performed by Oneida Research Services Inc, Whitesboro, NY. Mass spectra were 
measured on a Hewlett Packard 5985A mass spectrometer and high resolution mass 
spectrometry was performed by the Midwest Center for Mass Spectrometry, 
Lincoln, NE. Melting points are uncorrected
M aterials and M ethods: l,l'-Bi-2-naphthol, methyllithium (1.4 M  in 
ether), titanocene dichloride, carbon tetrachloride, pyrrolidine (Aldrich), acetone, 
ethyl acetate, hexanes, dichloromethane, and methanol (Mallinckrodt) were used as 
received. TiCl3*3THF was prepared according to the literature method.72 
Tetrahydrofuran was distilled from potassium under argon. Ether was distilled 
from liquid Na/K under argon. Titanium tetrachloride (Aldrich) was degassed and 
distilled prior to use.
2 .5 .1  P re p a ra tio n  of 2 ,3-B is[3-(l-m ethylethyIidene)cycIopenta- 
l,4 -d iene]-2 ,3 -d im ethy lbu tane , '2 .3 '.
A suspension containing the proton shift isomers of 2,3-bis[3-cyclopenta- 
l,4-diene]-2,3-dimethylbutane73 (1.9 g, 8.9 mmol) in 8.0 mL of reagent grade 
methanol was treated with reagent grade acetone (3.2 mL, 44 mmol) and
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pyrrolidine (2.5 mL, 30 mmol) at room temperature. The suspension immediately 
disappeared, forming a deep-red solution. A yellow precipitate formed after 30 
minutes and three hours later, 2.3 was isolated by vacuum filtration as a yellow 
powder (1.69 g, 65% yield) after washing with copious amounts of distilled water. 
An additional 0.45 g (17% yield) was recovered from the filtrate for an 82% overall 
yield. Further purification of 2.3 was accomplished by recrystallization from ethyl 
acetate; yellow crystals: mp 144° C; IR (CDCI3) 3100, 2995, 2980, 2955, 2900, 
2860, 1640, 1435, 1370, 1349, 1300, 1230, 1130 cm '1; *H NMR (200 MHz; 
CDCI3 ) 8 1.19 (s, 12 H), 2.15 (s, 12 H), 6.15 (m, 2 H), 6.38 (m, 4 H); 13C 
NMR (100 MHz; CDCI3 ) 22.69, 24.66, 41.31, 116.57, 118.77, 133.66, 141.83, 
146.28, 153.42 ppm ; MS, m/z (relative intensity) 294 (M+, 1.9), 147 (100), 119 
(17.6), 105 (30.2), 91 (14.6), 77 (18.1).
Anal. Calcd for C22H30: C, 89.73; H, 10.27. Found: C, 89.67; H, 10.32.
2 .5 .2  P re p a ra tio n  o f 2 ,3 -B is[3 -(l,l-d im ethy Ie thy l)cyclopen ta - 
l,3 -d iene-5-y l]-2 ,3 -d im ethy lbu taned ilith ium , ’2.4*.
A solution of 2.3 (2.38 g; 8.09 mmol) in anhydrous diethylether (30 mL) 
was treated with excess 1.4 M methyllithium (18.0 mL; 24.3 mmol) to give 2,3- 
bis[3-(l,l-dimethylethyl)-l,3-cyclopentadien-5-yl]-2,3-dimethylbutanedilithium, 
2.4, as an insoluble gel (not isolated), which was washed with anhydrous ether (3 
x 20 mL).
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2 .5 .3  P repara tion  ofR acem ic and Meso A nsa-(2 ,3-d im ethy l-2 ,3 - 
b u ta n o )-3 ,3 '-b is ( l,l '-d iin e th y le th y I)c y c lo p e n ta - l,3 -d ie n e -  
5-yl)titanium  d ichloride '2 .1 ' and '2 .2 ' by Reaction of 
'2.4' with TiCI3-3 T H F .
2.4 was diluted with anhydrous tetrahydrofuran (250 mL) and treated with 
TiCl3-3THF (3.0 g; 8.09 mmol) at -78°C. The reaction mixture was warmed to 
room temperature and then refluxed for 18-24 hours. After addition of 6 M 
hydrochloric acid (5.0 mL) and stirring for four to five hours, solvent removal 
under reduced pressure gave a residue which was redissolved in chloroform, 
separating it from the insolubles. The deep red solution was dried with anhydrous 
magnesium sulfate and the solvent was removed under reduced pressure. The 
residue was purified by flash chromatography on silica gel (60-200 mesh) by 
eluting first with hexane, then with 50/50 (v/v) hexane/ether. Solvent removal gave 
a red powder (1.58 g; 44% yield). NMR of the red powder showed evidence of 
a mixture of isomers. Recrystallization from refluxing toluene gave red hexagonal 
plates and orange rectangular plates, which when dried was identified as the meso 
isomer. Compound 2.1, mp 193-194° C, IR (CDC13) 3120, 2990, 2960, 2920, 
2900, 2865, 1500, 1460, 1380, 1370, 1360, 1250, 1175 cm"1; *H NMR (200 
MHz, CDCI3) 6 1.34 (s, 6 H), 1.36 (s, 18 H), 1.46 (s, 6 H), 6.05 (t, 2 H), 6.48 
(t, 2 H), 6.61 (t, 2 H); 13C NMR (50 MHz, CDCI3 ) 27.40, 28.89, 30.84, 34.30, 
45.70, 111.23, 114.98, 127.62, 142.09, 147.20 ppm; MS, m/z (relative intensity) 
442 (M+, 6.7), 282 (53.0), 280 (76.3), 246 (33.0), 244 (100), 228 (30.0)
Anal. Calcd. for C2 4 H36Cl2Ti: C, 65.02; H, 8.18. Found: C, 64.89; H, 
8.23.
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2 .5 .4  Preparation ofRacem ic and Meso A nsa-(2,3-dim ethyl-2,3- 
bu tano)-3 ,3 '-b is(l,l'-d im ethyIeth yl)cyclopenta-l,3-  
diene-5-yl)titanium dichloride '2.1' and '2.2' by Reaction 
of ’2.4’ with Titanocene Dichloride.
A solution of 2.4 (4.04 mmol) in anhydrous tetrahydrofuran (60 mL) was 
added slowly over 10 minutes to a solution of titanocene dichloride (1.00 g; 4.04 
mmol) in tetrahydrofuran (65 mL) at room temperature, stirred for 45 minutes, and 
refluxed for 19 hours. The resulting dark colored solution was cooled to 0° C and 
was treated with dry degassed CCI4 (8.5 mL; 35 mmol) and left stirring at 0° C for 
one hour and for another two hours at room temperature. The solvent was removed 
under reduced pressure and the red residue purified by flash chromatography as 
previously described for 2.1 and 2.2. A microcrystalline red solid (0.53 g; 30% 
yield) was recovered which was a 1:1 mixture of 2.2 and 2.1 as determined by *H 
NMR.
2 .5 .5  Preparation of Ansa-(2,3-dim ethyl-2,3-butano)-anti-3,3'- 
bis(l,l-dim ethyIethyI)cyclopenta-l,3-dien-5-yI)titanium - 
l,l'-b i-2-nap hth olate , '2.6'.
A solution of l,l'-bi-2-naphthol (2.32 g; 8.09 mmol) in anhydrous 
tetrahydrofuran (75 mL) was deprotonated with an ether solution of methyllithium 
(1.4 M, 11.6 mL; 16.2 mmol) at -78" C. A solution of titanium tetrachloride (1.53 
g; 8.09 mmol) in anhydrous tetrahydrofuran (75 mL) was prepared at -78° C. The 
dilithiobinaptholate solution was added slowly to the TiCl4 solution forming the 
TiCl2(l,l'-b i-2-naphtholate) adduct 2.5.13 After stirring for two hours at -78° C 
(stirring for longer time periods decreases the yield), the red suspension was added
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to a solution of 2.4 (8.09 mmol) in anhydrous tetrahydrofuran (75 mL) at -78° C 
and then refluxed for 18 hours. Column chromatography on silica gel (60-200 
mesh) by eluting first with hexane, then with 50/50 (v/v) hexane/methylene chloride 
and solvent removal gave red microcrystals of the racemic titanocene l,l'-bi-2- 
naphtholate derivative (0.80 g; 15% yield), mp 268-269 °C; IR (CDCI3) 3079, 
3060, 3045, 2990, 2970, 2960, 2935, 2920, 2910, 2900, 2860, 1611, 1590, 
1500, 1460, 1421, 1380, 1272, 1228, 1195, 1138, 1069 cm-1; *H NMR (200 
MHz, CDCI3) 8 0.63 (s, 18 H), 1.32 (s, 6 H), 1.76 (s, 6 H), 5.25 (t, 2 H,), 5.73 
(t, 2 H), 6.13 (t, 2 H), 6.9-7.3 (m, 8 H), 7.77 (t, 4 H); 13C NMR (50 MHz, 
CDCI3) 26.54, 28.99, 29.78, 33.31, 44.73, 105.52, 108.60, 112.70, 117.39, 
121.22, 121.78, 125.04, 126.99, 127.44, 128.57, 135.04, 143.48, 155.91, 
165.54 ppm; MS, m/z (relative intensity) 656 (M+, 25.6), 494 (100), 476 (23.8), 
437 (55.3), 333 (66.3), 314 (18.2), 252 (19.1), 147 (18.8).
Anal. Calcd. for C44H480 2 Ti: C, 80.47; H, 7.36. Found: C, 80.74; H, 7.38.
2 .5 .6  P rep ara tio n  of Racemic A nsa-(2,3-dim ethyl-2,3-butano)- 
an ti-3 ,3 '-b is (l,l '-d im e th y le th y I)cy c Io p en ta -l,3 -d ien -5 -y l)  
titan ium  dichloride, '2 .2 '.
2.2 was prepared in a quantitative yield by treating a hexane solution of 2.6 
with hydrogen chloride gas with subsequent purification by flash chromatography. 
Elution with a hexane/dichloromethane gradient to separate the product from 
binaphthol and recrystallization from refluxing toluene yielded pure ansa-(2,3- 
dimethyl-2,3-butano)-anti-3,3'-bis(l,r-dimethylethyl)cyclopenta-l,3-dien-5- 
yl)titanium dichloride (red rectangular plates, mp 248° C), IR (CDC13) 3160, 
2960, 2925, 2900, 2880, 1800, 1500, 1462, 1385, 1372, 1264, 1251, cm’1.
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JH NMR (200 MHz, CDC13) 6 1.33 (s, 18 H), 1.37 (s, 6 H), 1.43 (s, 6 H), 6.21 
(t, 2 H), 6.34 (t, 2 H), 6.5 (m, 2 H); ^ C  NMR (50 MHz, CDCI3) 27.94, 28.38, 
30.60, 34.51, 45.68, 111.47, 115.79, 123.15, 143.02, 151.27 ppm. MS, m/z 
(relative intensity) 442 (M+, 5.4), 407 (16.38) 282 (64.2), 280 (94.8), 246 (33.2), 
244 (100), 147 (35.6); HRMS m/z Calcd. for C24H38Ti35cl2 442.1655 Found 
442.1688 and Calcd. for C24H38Ti35ci37ci 444.1643 Found 444.1648.
2 .5 .7  R eaction of a 1:4 M ix tu re  of '2 .2 ' and  '2 .1 ' w ith 
D ilithiobinaphtholate.
A solution of dilithio-1 ,l'-bi-2-naphtholate (1.62 mmol) in anhydrous 
tetrahydrofuran (20 mL) was added to a solution of a 1:4 mixture of 2.2 and 2.1 
(0.720 g; 1.62 mmol in 20 mL tetrahydrofuran) at -78° C. The solution was then 
refluxed for 19 hours. After solvent removal, the residue was purified by flash 
chromatography on silica. The hexane fraction contained pure 2.6 (0.06 g; 28% of 
the total 2 .2  to be derivatized) according to *H NMR. The 
dichloromethane/hexane fraction contained traces of 2.1 and 2.2. The major 
portion of this fraction appeared to be a binaphtholate-chloride derivative which is 
believed to be compound 2.7, characterized by ^H NMR (400 MHz, CDCI3) 6 
0.78 (s, 9 H), 1.27 (s, 9 H), 1.30 (s, 3 H) 1.41 (s, 3 H), 1.57 (s, 3 H), 1.81 (s, 3 
H), 4.04 (m, 1 H), 5.62 (m, 1 H), 5.66 (m, 1 H), 5.97 (m, 1 H), 6.28 (m, 1 H), 
6.70 (m, 1 H), 6.81 (m, 1 H), 6.93-6.96 (m, 2 H), 7.08-7.18 (m, 4 H), 7.63-7.70 
(m, 2 H), 7.75-7.81 (m, 2 H). LRMS, m/z (no M+) 656, 494, 437, 333, 287, 
147, 107 HRMS m/z Calcd. for C44H480 247Ti 655.3179 Found 655.3185
This binaphtholate derivative was not present in the synthesis of 2.6. A 
second purification of this fraction by flash chromatography and treatment with
63
hydrogen chloride gas yielded pure 2.1 according to *11 and 13C NMR, and 
melting point.
2 .5 .8  Photolysis of 2.1.
Recrystallized 2.1 was photolyzed in quartz NMR tubes with UV radiation 
(450 W high pressure Hg lamp). The samples were photolyzed in four different 
solvents: CDCI3, THF-dg, acetonitrile-^-CDC^ (6:1), and MeOH-z^-CDC^ 
(4:1). The reaction progress was followed by NMR by monitoring the changes 
in the characteristic cyclopentadienyl proton resonances. After six hours of 
photolysis, no changes in the NMR spectra were observed. In a separate 
experiment, 2.1 was photolyzed in CDCI3 and in benzene-rf6 for 24 hours at 300 
nm with no change in the ifl NMR spectra of the cyclopentadienyl protons.
2 .5 .9  Crystal S tructure Determinations.
General Experimental Procedures: Intensity data were obtained from 
crystals mounted in a random orientation on an Enraf-Nonius CAD-4 
diffractometer. The structures were solved by direct methods for 2.3 and 2.6, and 
heavy atom methods for 2 .1, and refined by full-matrix least squares based upon 
F, with weights w=4Fo2[ct2(I) + (0.02FO2)2] '1 using the Enraf-Nonius structure 
determination package,32 scattering factors,33 and anomalous coefficients.34 All 
data reductions included corrections for background, Lorentz, and polarization.
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2 .5 .9 .1  C rysta l S tru ctu re  D ata  for  2 ,3 -B is [3 - ( l -  
m ethylethylidene)cyclopenta-l,4-d iene]-2,3- 
dim ethylbutane, '2.3'.
A summary of the key crystal data and parameters for the data collection for
2.3 (solvated and unsolvated forms) are given in Table 2.8. Cell dimensions were 
determined at 297 K by a least-squares fit to setting angles of 25 reflections having 
22°>20>18°. The theta values were derived from measurements at +20. One 
quadrant of data having 2° < 20 < 55°, 0 < h < 9, 0 < k < 25, -9 < / < 9 were 
measured using graphite monochromated MoKa radiation. The co-20 scans were 
made at speeds ranging from 0.45 to 4.0 deg. min' 1 to measure all significant data 
with approximately equal precision. Absorption was negligible.
The space group was determined by systematic absences hOI with I odd and 
OkO with k odd. Non-hydrogen atoms were refined anisotropically; the hydrogen 
atoms were located in a AF map and were refined isotropically. Final R=0.063 
(R=0.169 for all 2128 data), Rw=0.046, S=1.760 for 160 variables. The largest 
shift was 0 .02(7 in the final cycle, maximum residual density 0.15 e A'3, minimum 
-0.14 e A-3. The atomic positional and thermal parameters for 2.3 are given in 
Table 2.9.
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Table 2.8 Crystal Data and Collection Parameters for '2.31.
formula 
Mr, g mol-1 
system 
space group
a, A
b, A
c, A
P, deg 
V, A3 
Z
Dc, g/cnr3 
cryst size, mm 
radiation- 
(graphite monochromated):
Ji, cm *1 
tem p, K
scan type
collection range, deg 
no. of unique data 
no. of data 
P
no. of variables 
R
Rw
goodness of fit
C 22H 30  
294.5 
monoclinic 
P2]/c 
7.144 (2)
19.698 (2)
7.449 (3)
117.51 (2)
929.8 (9)
2
1.052
0.15x0.23x0.33
Mo Koc (A = 0.71073 A)
0.55
297
CO-20
20 = 22 - 18
2128
1120 for I>la(I)
0.02
160
0.063
0.046
1.760
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Table 2,9 Atomic Coordinates and Equivalent Isotropic Thermal
Parameters for '2.3*.
Atom X y z Beq (A2)
Cl 0.4593(3) 0.0165(1) 0.3915(3) 3.98(5)
C2 0.3457(3) 0.0828(1) 0.3757(3) 3.89(5)
C3 0.4200(3) 0.1466(1) 0.3993(3) 4.35(5)
C4 0.2525(3) 0.1952(1) 0.3633(3) 4.52(5)
C5 0.0661(3) 0.1535(1) 0.3154(3) 5.40(6)
C6 0.1194(3) 0.0882(1) 0.3218(3) 4.89(6)
Cl 0.2616(3) 0.2635(1) 0.3674(3) 5.62(6)
C8 0.6445(3) 0.0298(1) 0.3450(3) 6.28(6)
C9 0.3065(3) -0.0316(1) 0.2248(3) 6.28(7)
CIO 0.4626(4) 0.3004(1) 0.4171(4) 8.14(9)
C ll 0.0753(4) 0.3084(1) 0.3222(4) 8.28(8)
Anisotropically refined atoms are given in the form of the isotropic equivalent 
displacement parameter defined as: Beq = Ujja *aj*aj • aj
2 .5 .9 .2  Crystal Structure Data For Syn-TMEDT-Ti-Cl2 , 
' 2 . 1 ' .
A summary of the key crystal data and parameters for the data collection for
2.1 (solvated and unsolvated forms) are given in Table 2.10. Cell dimensions 
were determined at 296 K by a least-squares fit to setting angles of 25 reflections 
having 24°>20>2O°. The theta values were derived from measurements at ±20. 
One hemisphere of data having 2° < 20 < 55°, 0 < h < 12, -13 < it < 13, -17 < / 
< 17 were measured using graphite monochromated MoKa radiation. Absorption.
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corrections were based on \jr scans, with minimum relative transmission 0.945. Of 
5352 unique data, 3617 had I > 3a(I), and were used in the refinement.
The space group was determined by successful refinement of a 
centrosymmetric model. Non-hydrogen atoms were refined anisotropically; the 
hydrogen atoms were located in a AF map and were refined isotropically. Final 
R=0.040 (R=0.075 for all 5352 data), Rw=0.045, S=1.727 for 389 variables. The 
largest shift was 0 .02a  in the final cycle, maximum residual density 0.34 e A-3, 
minimum -0.30 e A-3. The atomic positional and thermal parameters for 2.1 
(unsolvated) are given in Table 2.11.
Table 2.10 Crystal Data and Collection Param eters for '2.1'
(iinsolvated).
formula 
Mr, g mol-1 
system 
space group
a, A
b, A
c, A 
a , deg 
P, deg 
y ,  deg 
V, A3 
z
Dc, g/cm-3 
cryst size, mm 
radiation:
(graphite monochromated) 
p., cm ' 1 
temp, K
scan type
collection range, deg 
no. of unique data 
no. of data 
P
no. of variables 
R
Rw
goodness of fit
T iC l2 C 2 4 H 2 4
443.4
triclinic
P i
9.8756(13)
10.2758(11)
13.075(4)
75.60(2)
89.87(2)
66 .10(1)
1167.7(5)
2
1.261
0.10x0.23x0.45
Mo K a (X = 0.71073 A)
5.99
296
co-20
20 = 24 - 20 
5352
3617 for I>3a(I)
0.02
389
0.040
0.045
1.727
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Tahle 2.11 Atomic Positional and Thermal Parameters for ’2.1'
(unsolvated).
Atom X y z B_e.q(.A2}
Ti 0.04562(4) 0.94370(4) 0.78451(3) 2.238(8)
Cl(l) -0.05387(8) 0.91136(7) 0.63643(5) 3.93(2)
Cl(2) -0.15571(7) 0.95740(7) 0.88544(6) 3.97(2)
C l 0.3072(3) 0.8049(2) 0.8259(2) 2.84(6)
C2 0.2601(3) 0.7271(2) 0.7695(2) 2.76(5)
C3 0.1700(2) 0.6669(2) 0.8297(2) 2.59(5)
C4 0.1558(3) 0.7133(3) 0.9224(2) 3.12(6)
C5 0.2382(3) 0.7975(3) 0.9210(2) 3.25(6)
C6 0.4152(3) 0.8752(3) 0.7928(2) 3.51(6)
C7 0.3320(3) 1.0214(3) 0.7008(2) 3.12(6)
C8 0.1703(2) 1.0941(2) 0.7227(2) 2.64(5)
C9 0.0415(3) 1.1556(2) 0.6490(2) 2.69(5)
CIO -0.0873(2) 1.2184(2) 0.6985(2) 2.72(5)
C ll -0.0372(3) 1.1928(2) 0.8052(2) 2.85(5)
C12 0.1170(3) 1.1183(2) 0.8208(2) 2.73(5)
C13 0.5515(3) 0.7628(3) 0.7575(3) 5.29(9)
C14 0.4750(3) 0.9029(3) 0.8904(3) 5.05(8)
C15 0.3334(3) 0.9922(3) 0.5913(2) 4.13(7)
C16 0.4022(3) 1.1327(3) 0.6940(3) 4.50(7)
C17 0.1230(3) 0.5499(2) 0.8107(2) 3.16(6)
C18 -0.0375(3) 0.5832(3) 0.8326(3) 4.24(7)
C19 0.1444(3) 0.5304(3) 0.6988(2) 4.00(7)
C20 0.2285(3) 0.4048(3) 0.8904(3) 4.52(8)
C21 -0.2432(3) 1.3227(3) 0.6433(2) 3.62(7)
C22 -0.2368(3) 1.4722(3) 0.5918(3) 4.92(9)
C23 -0.3594(3) 1.3458(4) 0.7215(3) 5.6(1)
C24 -0.2902(3) 1.2719(3) 0.5556(3) 5.18(9)
Anisotropically refined atoms are given in the form of the isotropic equivalent 
displacement parameter defined as: Bgq = -S^XiXjUjja*a*aj • aj
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2 .5 .9 .3  C ry s ta l  S t ru c tu r e  D a ta  F o r  A n ti-T M E D T -
B inaphtho late , '2.6'.
A summary of the key crystal data and parameters for the data collection for
2.6 (solvated and unsolvated forms) are given in Table 2.12. X-ray quality 
crystals of 2.6 were obtained as red plates (unsolvated) from refluxing toluene and 
orange plates (solvate) from a refluxing 25:75 hexane:toluene mixture. Cell 
dimensions of the unsolvated form were determined by a least squares fit to setting 
angles of 25 reflections having 22 > 26 > 20°. The 6 values were derived from 
measurements from at ±20. One quadrant of data having 2 < 26 < 50, 0 < h < 
12, 0 < k<  34, -14< /<  14 was measured using graphite monochromated MoKa 
radiation. Absorption corrections were based on scans, with minimum relative 
transmission coefficient 96.5%. Of 6237 unique data, 4153 had I > 2cr(I), and 
were used in the refinement.
The space group was determined by systematic absences. Non-H atoms were 
refined anisotropically; the H atoms were located by difference maps and are not 
refined.. The largest shift was less than 0.0Id  in the final cycle, maximum residual 
density 0.21, minimum -0.30 eA*3. A secondary extinction coefficient refined to a 
value of 1.71(11) x 10'7. The atomic positional and thermal Parameters for 2.6 
(unsolvated) are given in Table 2.13..
Analogous structure refinement of 2 .6- l /2C6H i4 was performed. The 
hydrogens were not refined and the hexane H’s ignored. The largest shift was less 
than 0.01a in the final cycle, maximum residual density 0.34, minimum -0.29 eA- 
3. A secondary extinction coefficient refined to a value of 3.2(3) x 10'7.
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Table 2.12 Crystal Data and Collection Parameters for '2.6'.
Solvated Unsolvated
formula TiC44H4g02- l/2CgHi4 TiC44H4 g02
Mr, g mol' 1 699.9 656.8
system Uiclinic monoclinic
space group P i P2!/c
a, A 10.187(9) 10.084(2)
b, A 12.421(3) 29.312(7)
c, A 16.752(3) 12.190(2)
a ,  deg 82.54(2) -
deg 76.62(4) 99.37(2)
Y, deg 69.19(4) -
V, A3 1925(2) 3555(2)
Z 2 4
Dc, g/cm-3 1.207 1.227
cryst size, mm 0.1 x 0.22 x 0.30 0.28 x 0.35 x 0.40
radiation:
(graphite monochromated) Mo K a (k = 0.71073 A)
|_L, cm' 1 2.5 2.7
temp, K 295 295
scan type co-20
collection range, deg 20 = 22 - 20
no. of unique data 5005 6237
no. of data 3256 for I>la(I) 4153 for I>2a(I)
P 0.02 0.02
no. of variables 452 425
R 0.071 0.044
Rw 0.059 0.046
goodness of fit 1.595 1.623
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Table 2.13 Atomic Positional and Thermal Parameters for '2.6'
( unsolvated).
Atom £ y, z Beq(A2)
Ti 0.28057(5) 0.85654(2) 0.73997(4) 3.024(9)
Ol 0.3363(2) 0.89523(6) 0.8648(1) 3.45(4)
0 2 0.4594(2) 0.84892(6) 0.7069(1) 3.20(4)
Cl 0.0975(3) 0.86721(9) 0.5926(2) 3.62(6)
C2 0.0757(3) 0.89927(9) 0.6759(2) 3.62(6)
C3 0.1727(3) 0.93357(9) 0.6854(2) 3.56(6)
C4 0.2624(3) 0.92182(9) 0.6132(2) 3.81(6)
C5 0.2159(3) 0.8818(1) 0.5559(2) 3.90(7)
C6 0.0060(3) 0.8281(1) 0.5482(2) 4.38(7)
Cl -0.0070(3) 0.7942(1) 0.6455(3) 4.49(7)
C8 0.1266(3) 0.79336(9) 0.7249(2) 3.48(6)
C9 0.2484(3) 0.77492(9) 0.7023(2) 3.36(6)
CIO 0.3461(3) 0.77591(9) 0.7999(2) 3.24(6)
C ll 0.2869(3) 0.79815(9) 0.8814(2) 3.49(6)
C12 0.1522(3) 0.80899(9) 0.8354(2) 3.64(6)
C13 -0.1303(3) 0.8492(1) 0.4955(3) 6.32(9)
C14 0.0627(4) 0.8051(1) 0.4513(3) 6.07(9)
C15 -0.1199(3) 0.8076(1) 0.7099(3) 6 .2 (1)
C16 -0.0381(4) 0.7447(1) 0.6050(3) 6 .6 (1)
C17 0.1715(3) 0.9786(1) 0.7469(3) 4.22(7)
C18 0.3131(3) 0.9975(1) 0.7853(3) 6.3(1)
C19 0.0943(3) 1.0122(1) 0.6626(3) 5.90(9)
C20 0.0989(4) 0.9744(1) 0.8467(3) 5.85(9)
C21 0.4806(3) 0.75149(9) 0.8160(2) 3.56(6)
C22 0.5890(3) 0.7771(1) 0.8951(3) 4.69(8)
C23 0.4562(3) 0.7051(1) 0.8679(3) 5.21(8)
C24 0.5297(3) 0.7435(1) 0.7055(2) 4.52(7)
C25 0.4528(3) 0.89152(9) 0.9362(2) 3.35(6)
C26 0.4463(3) 0.8815(1) 1.0491(2) 4.20(7)
C27 0.5597(3) 0.8767(1) 1.1248(2) 4.80(8)
C28 0.6874(3) 0.88006(9) 1.0932(2) 4.33(7)
C29 0.8063(4) 0.8727(1) 1.1705(3) 5.70(9)
C30 0.9291(4) 0.8762(1) 1.1389(3) 6.35(9)
C31 0.9394(3) 0.8869(1) 1.0291(3) 5.59(9)
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Table 2.13 fcont.) Atomic Positional and Therm al Param eters for
'2 .6 ' (unsolvated)
Atom 2£ y z Beq(A2)
C32 0.8265(3) 0.8942(1) 0.9525(3) 4.64(7)
C33 0.6960(3) 0.89145(9) 0.9816(2) 3.68(6)
C34 0.5760(3) 0.89864(9) 0.9024(2) 3.31(6)
C35 0.5358(3) 0.88619(9) 0.6959(2) 3.14(6)
C36 0.5625(3) 0.8970(1) 0.5885(2) 3.72(6)
C37 0.6241(3) 0.9367(1) 0.5704(2) 4.29(7)
C38 0.6638(3) 0.96789(9) 0.6569(2) 3.85(7)
C39 0.7174(3) 1.0112 (1) 0.6374(3) 5.43(8)
C40 0.7525(3) 1.0413(1) 0.7216(3) 5.97(9)
C41 0.7375(3) 1.0294(1) 0.8296(3) 5.19(8)
C42 0.6863(3) 0.9882(1) 0.8522(2) 4.23(7)
C43 0.6469(3) 0.95580(9) 0.7669(2) 3.37(6)
C44 0.5865(3) 0.91304(9) 0.7870(2) 3.17(6)
Anisotropically refined atoms are given in the form of the isotropic equivalent 
displacement parameter defined as: Bgq = ZjZjUy a *a*aj • aj
CHAPTER THREE.
Attempted Synthesis of Conductive Polymer Precursors: From 
Diethano-Bridged Bis(cyclopentadienyl) to Ferrocenophenes
3 .1  Introduction.
The omnipresent goal of this dissertation research was to synthesize 
conductive polymers based on repeating ferrocene units. The original idea was to 
synthesize one dimensional conductive polymers based on 1,2,4-ansa bridged 
cyclopentadienides joined by iron(II) and iron(III) atoms, thus forming ferrocene 
and ferrocenium links. Eventually, another idea followed where ferrocenes could 
be linked in conjugation by double bonds.
Presently, a number of organic and inorganic conductive polymers exist. The 
list includes the common conductive polymers polythiazyl, polyacetylene, 
polyphenylene, polypyrrole, and polythiophene (Figure 3.1). All have the 
conjugated Jt-system in common. Also, all doped conductive polymers are air- 
sensitive except for polypyrrole. Table 3.1 compares conductivities of common 
conductive polymers with those of metals and semi-conductors. Except for doped 
polythiazyl and polyacetylene, most conductive polymers have conductivities of 
semi-conductors.
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—( s  =  Polythiazyl
C = C Polyacetylene
Polyphenylene
Figure 3.1 Common conductive polymers.
Table 3.1 Conductivities of Metals. Conductive Polymers, and
Semiconductors.
M aterial Conductance f n ’^cm '
A . M etals
Silver 7.0 x 105
Copper 6.0 x 105
Tungsten 2.0 x 105
Nichrome 6.0 x 104
B . Conductive Polvm ers
Polythiazyl 103 - 104
Polyacetylene 10’9 - 103
Polypyrrole 1 - 102
Polyphenylene 10'14 - 102
Polythiophene 10"4 - 10"3
C . Sem iconductors
Carbon 3.0 x 102
Germanium 2.0 x 10‘2
Silicon 4.0 x 10' 6
M
Polypyrrole
Polythiophene
76
The electrical conductance of conductive polymers can be explained through 
band theory. In any material, there exists two bands created by the mixing of 
bonding and antibonding orbitals. These bands are separated on a potential energy 
diagram by the band gap. The width of the band gap is determined by the nature of 
the orbitals being mixed. If enough energy is present, electrons can be promoted 
past the band gap to the antibonding energy level, which is the conduction band 
(Figure 3.2). The amount of energy required to promote an electron into the 
conductance band for insulators is too high, and will usually decompose the 
material before conduction occurs. In semiconductors, thermal energy is enough to 
promote electrons to the conduction band. In metals, the band gap is infinitesimally 
small thus electrons readily move from the filled bonding levels to the conducting 
band. Conduction will also take place when an electron is taken away from the 
filled bonding level or when an electron is added to the conductance band by 
chemical means. This is referred to as doping.
>,OX)b-t<DCUJ
Insulator Semiconductor Metal
Figure 3.2 Band Theory.
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When a large number of 7t-orbitals interact in conjugation, the band gap 
(difference in energy between bonding and antibonding orbitals) decreases. It is 
believed this band gap lowering will occur in the ferrocene polymers when a large 
number of orbitals are placed in conjugation.
The two models that these ferrocene polymers are based on is illustrated in 
Figure 3.3. Polymer 3.1 (Type I) was first target molecule proposed to be a 
potential conductive polymer based on bridged cyclopentadienyls linked by iron(II), 
making ferrocene links. The 1,2,4-elhano bridges hold 7t-orbitals of the 
cyclopentadienyls within the Van der Waals distances of the 7t-orbitals to facilitate 
electron transfer. The second of the two models involves a polyferrocene-ene, 
3.2, a string of ferrocene units linked by a 7C-system defined by a backbone of 
double bonds in conjugation (Type II). Other possible conductive polymers 
considered in this study were those of Type II, where 3.4 can form a three 
dimensionally conductive polymer (Figure 3.4).
Fe
n n
3 .1 3 .2
Figure 3.3 Target molecules for proposed conductive polymers.
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n
3 .4
Figure 3.4 Proposed ferrocene-ene polymers based on ortho vinyl substituents.
The immediate goal for this work was to design convenient synthetic methods 
for the bulk synthesis of the monomers for conductive polymers, with their 
subsequent polymerization. All of these methods must involve inexpensive starting 
materials with promise of scaling up to industrial scale.
3 .2  Designing the Synthesis of Conductive Polymers Based on 
Ferrocene.
The drawbacks of most existing conductive polymers are their air sensitivity, 
brittleness, and lack of solubility. Most of these problems are due to the doping 
process that makes them electrically conductive. In the design of a new generation 
of conductive polymers, these limitations must be solved. The proposed 
conductive polymers 3.1, 3.2, 3.3, and 3.4 all have the ferrocene linkage in 
common. Ferrocene is air stable and thermally stable to 350° C. Like most 
conductive polymers, the ferrocene polymers must be doped to create an electron
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hole which facilitates electron movement. This could simply be accomplished by 
oxidizing some of the iron atoms from iron(II) to iron(III). Ferrocenium, Cp2Fe+, 
is also air and thermally stable. Therefore, the doping process should pose no 
stability problems to the ferrocene polymers.
The design idea behind 3.1 is to create a bifunctional stack linked by iron(II) 
forming a ferrocene link, which is stable. Partial oxidation of the irons will create 
electron holes giving rise to a conductive polymer. The design of the Type II 
conductive polymers 3.2, 3.3, and 3.4 involves a hybrid between two known 
conductive polymers, polyferrocene and polyacetylene (Figure 3.5). Polyferrocene 
is semiconductive but suffers from the inability to form high polymer. 
Polyacetylene is a good conductor, but suffers from brittleness and air sensitivity as 
a consequence of the doping process.
Figure 3.5 Design components of the Type II conductive polymers.
The two conductive polymers 3.1 and 3.2 are very different and therefore, 
their syntheses are different and pose unique synthetic challenges. The proposed 
synthesis of each polymer, illustrated in Figure 3.6, is quite simple. The synthetic 
challenge lies in the monomers. The same is true for the synthesis of the proposed
n
Polyacetylene i- -in
Polyferrocene 3 .2
n
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monomers 3 .3 . and 3.4 where the synthesis involves the fusion of a 
cyclobutadiene to ferrocene, annulating aromatic and antiaromatic rings. This 
would pose a problem in the synthesis of the monomer, but would make 3.8 and 
3.9 very interesting target molecules. Ring Opening Metathesis Polymerization 
(ROMP) of monomers 3.6, 3.7, 3.8, and 3.9 would lead to the respective 
polymers shown in Figures 3.6 and 3.7.
3 .5
2. Fc+PF6‘
3. FeCl2
1. 2 eq. MeLi
f t
F e --
n
3 .1
ROMP ROMP
n
3 .6 3 .2 3 .7
Figure 3.6 Proposed synthesis of conductive polymers 3.1 and 3.2.
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Fe
ROMP
3 .8
□§>
Fe
# 1
ROMP
3 .9
n
3 .4
Figure 3.7 ROMP of monomers 3.8 and 3.9.
ROMP is an effective way to polymerize monomers possessing strained alkene 
rings.74 The mechanism involves the insertion of a transition metal alkylidene 
through a [2+2] cycloaddition into the alkene ring (Figure 3.8). A [2+2] ring 
opening leads to oligomerization, then with subsequent steps, polymerization to 
high polymer. ROMP is considered a "living polymerization" because it will 
continue polymerization with added monomer and will terminate only when an 
aldehyde or ketone is added.
R
tW
Fe
S H ' "
Fe
r
W
Figure 3.8 Mechanism for the ROMP of monomer 3.6 to polymer 3.2.
3 .2 .1  R etrosynthetic Analysis of '3 .5 '.
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The retrosynthetic analysis of monomer 3.5 is illustrated in Figure 3.9. 
Although the complexity of 3.5 affords numerous potential retrosynthetic routes, 
only those relevant to this study will be illustrated. The synthetic challenge of 3.5 
is the 1,2-ethano bridge joining the cyclopentadienyls, as proposed in 3.10. 
Retrosynthetic route A involves constructing each ethano bridge in succession until 
all three bridges are in place. Because of steric effects, the initial placement of the 
bridges is easier with 1,3 substitution rather than the desired 1,2 substitution 
pattern. Therefore, a large blocking group such as trimethylsilyl could be employed 
to force the bridge placement to the desired 1,2 substitution pattern.
Retrosynthetic route B to 3.10 involves a [4+4] cycloaddition of 1,2- 
bis(methylene)cyclopentane followed by halogenation, dehydro-dehalogentaion, 
and subsequent isomerization of the resulting double bonds to form the 1,2- 
ethanobridged cyclopentadienyl rings. The challenge of this pathway is the [4+4] 
cycloaddition because very few synthetic procedures are known to be successful for 
intermolecular [4+4] cycloaddition reactions involving 2,3 substituted butadienes.
Retrosynthetic pathway C to 3.10 involves a ketene addition to the 
inexpensive starting material 1,5-cyclooctadiene with subsequent ring expansion of 
the four-membered rings to five-membered rings. The carbonyl can be reduced to 
an alcohol and then dehydrated to a cyclopentene. 3.10 can be formed by tandem- 
tandem dehydro-dehalogenation of the tetrahalide.
X X
c Q > -g
aB
3.5
cCo
X
3.10
B
B
B = Blocking Group
X
X
'x x .
^  1. Y = 0
2. Y = OH
00
Figure 3.9 Retrosynthetic analysis of monomer 3.5.
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The addition of the third bridge in the 4-position would involve a simple 
dialkylation of the dicyclopentadienyl 3.10. Another possibility would be the 
formation of the dipentafulvene of 3.10 with subsequent reductive coupling to 
form the tetramethylethano bridge.
3 .2 .2  R etrosynthetic Analysis o f '3 .6 '.
The retrosynthetic route to 3.6 is illustrated in Figure 3.10. The retrosynthesis 
of 3.6 is very simple. Dehydration of the ferrocene diol, 3.11, gives 3.6. 3.11 
can be obtained from the known l,4-(l,l'-lerrocenediyl)-l,4-butanedione, 3.12, 
synthesized by the intramolecular oxidative coupling of l,l'-diacetylferrocene, 
which is commercially available.
3 .6  3 .11  3 .1 2
Figure 3.10 Retrosynthetic analysis of 3.6.
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3 .2 .3  Retrosynthetic Analysis of ’3.8' and ’3.9'.
The retrosynthetic analysis of 3.8 and 3.9 are shown in Figures 3.11 and 
3.12. As mentioned previously, the synthesis of 3.8 and 3.9 poses a uniquely 
difficult task because they involve the fusion of an antiaromatic four membered ring 
to an aromatic five-membered ring. Also, four membered rings are difficult to 
synthesize. 3.8 can be derived from a deprotonation, ring closure, and 
d isp la c e m e n t o f two tr im e lh y lam in es  from  the 1 , 2 - 
bis(trimethylammoniummethyl)feiTocene salt, which can easily be synthesized from
1,2-bis(dimethylaminomethyl)ferrocene. 1,2-bis(dimethylaminomethyl)ferrocene 
can be synthesized by the reduction of dimethyliminium ferrocene salt from the 
(dimethylaminomethyl)ferrocene aldehyde, which is derived from orthometallation 
of (dimethylaminomethyl)ferrocene and treatment with N,N-dimethylformamide to 
form the (dimethylaminomethyl)feirocene aldehyde.
X O
3 .8 X = Y = NMe2 
X = Y = +NMe3
Figure 3.11 Retrosynthetic analysis of 3.8.
The retrosynthetic strategy for 3.8 can also be applied to the retrosynthetic 
analysis of 3.9 when dealing with the construction of the fused four-membered
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ring on ferrocene. The other retrosynthetic pathway is to break 3.9 into iron(II)
and a [3.2.0] bicyclic cyclopentadienyl ligand, building the bicyclic framework 
early in the synthesis. This retrosynthetic route is illustrated in Figure 3.12. The 
construction of the [3.2.0] bicyclic framework is accomplished by an easy ketene 
addition to cyclopentadiene. Next, a free radical addition of a halogen, followed by 
a dehydro-dehalogenation and deprotonation to form the bicyclo-cyclopentadienide, 
which serves as a ligand for iron forming the ferrocene derivative. The 
cyclobutadiene portion is the last to be built because its formation would be more 
favored after the iron is bound to the adjacent cyclopentadienyl, forcing the 
cyclobutadiene to act less like an antiaromatic system and more like an isolated 
double bond by the electron withdrawing action of the iron.
Figure 3.12 Retrosynthetic analysis of 3.9.
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3 .3  Results and Discussion
3 .3 .1  A ttem p ted  S yn thesis o f ’3 .10 ' v ia  R e tro sy n th e tic  
Pathw ay A.
Retrosynthetic route A in Figure 3.9 involves bridging two cyclopentadienyls 
with the successive placement of three ethano bridges. The initial goal to synthesize
l,2-bis(3-trimethylsilylcyclopentadienyl)cthane, 3.13, the first synthon to 3.10 
failed. The proposed forward synthesis of 3.10 from cyclopentadiene and 1,2- 
dibromoethane is illustrated in Figure 3.13. The attempted synthesis of 3.13 
followed two routes, the first by alkylating trimethylsilylcyclopentadiene with 1,2- 
dibromoethane via a modification of an existing procedure.75 The original 
procedure involved the alkylalion of bis(cyclopentadienyl)magnesium and 
e thy lened iam ine  w ith 1 ,2-d ibrom oethane. The syn thesis  of 
bis(cyclopentadienyl)magnesium involves passing cyclopentadiene onto a bed of 
magnesium in a tube furnace,76 which is impractical according to the goals of this 
project. Using bis(cyclopentadienyl)magnesium instead of the usual lithium or 
sodium cyclopentadienides prevents the formation of the kinetically favored 
spiro[2,4]hepta-4,6-diene derivatives.77 Attempts to alkylate cyclopentadienyl 
magnesium halides with 1,2-dibromoethane failed to achieve the same results as 
bis(cyclopentadienyl)magnesium
The second method involved silylating l,2-bis-(cyclopentadienyl)ethane with 
trimethylchlorosilane. In both attempts, both gas chromatography and *11 NMR 
analysis showed numerous products beyond the expected cyclopentadienyl proton 
shift isomers. Also, the trimethylsilyl group thermodynamically favors geminal
88
substitution on a cyclopentadienyl ring and will undergo [1,5] sigmatropic 
trimethylsilyl shifts to attain geminal substitution.
SiMe3 l . McMgCl
2. EDA/-78"C
3. BrCH2CH2Br
o 1. MeMgCl _2. EDA/-78°C
3. BrCH2CH2Br
SiMeo
1. BuLi / SiMeq
2. TMSC1 3 .1 3
Figure 3.13 Proposed synthesis of 3.13, a synthon for 3.10.
3 .3 .2  A ttem p ted  S yn thesis o f ’3 .10’ v ia  R e tro sy n th e tic  
Pathw ay B.
Retrosynthetic pathway B involves bisecting the molecule through the eight- 
membered ring. The forward synthetic strategy involved building the eight- 
membered ring via a [4+4] cycloaddition using Ni(0). Intramolecular [4+4] ring 
closures using Ni(COD)2 has been used by Wender in the synthesis of various 
natural p r o d u c t s . T h e  attempted forward synthesis of 3.10 is illustrated in 
Figure 3.14.
SiMei
,— = — SiMe3 !• Mg°/HgCl2
\   ►
>— == — SiMe3 2. Cp2ZiCl2
3. H30 +
78%
Ni(COD)2/ PPh3
■" ~  1 : 
Toluene, 80° C
SiMe3
<*(NBu)4+F
<X~\ ^ \  T<Ni(COD),/PPh3 oluene, 80° C
Me3Si SiMei
Me3Si i SiMe3 
! (NBu)4+F
cOo -c
Ni(COD)2/PPh3
Toluene, 80° C
; t-BuO' 
t-BuOH
3.10
Figure 3.14 Synthesis of 3.14 and attempted synthesis of 3.10.
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The attempted synthesis of 3.10 fell short early after the successful synthesis 
of (E,E)-l,2-bis[(trimethylsilyl)methylene cyclopentane, 3.14. Several attempts at 
the intermolecular coupling of 3.14 with Ni(COD)2 failed, recovering only starting 
material. The inability of 3.14 to undergo intermolecular coupling is probably due 
to the steric bulk of the four trimethylsilyl groups.
l ,2-bis(methylene)cyclopentane has been synthesized previously using 
methods involving numerous steps.79’80 The goal was to desilylate 3.14 to find a 
shorter synthesis to l,2-bis(methylene)cyclopentane. Typical reagents for the 
desilylation of vinyl silanes, such as hydroiodic acid (in pentane or benzene), 
cesium fluoride (in tetrahydrofuran, acctonitrile, and dimethylsulfoxide),8 1 
tetrabutylamonium fluoride (TBAF) in tetrahydrofuran, and concentrated sulfuric 
acid in pentane,82 were ineffective in the desilylation of 3.14.
A fter all attem pts to develop a convenient synthesis of 1,2- 
bis(methylene)cyclopentane failed, a new precursor for 3.10 was tested. 1- 
Vinylcyclopentene is easily synthesized from cyclopentanone and vinylmagnesium 
bromide.83’84 Nickel catalyzed [4+4] coupling of 1-vinylcyclopentene also failed 
to form the eight-mem bered ring in a reasonable yield.
3 .3 .3  A ttem p ted  S yn thesis  of '3 .1 0 ' via  R e tro sy n th e tic  
Pathw ay C.
The proposed forward synthesis of 3.10 derived from retrosynthetic route C 
is illustrated in Figure 3.15. The first step of this synthesis involved the addition of 
two equivalents of dichloroketene to 1,5-cyclooctadiene. Integration of the vinylic 
protons present against the methylene protons in the NMR spectrum suggested
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that only one dichloroketene added to the 1,5-cyclooctadiene. Even when the 
reaction was carried out in a 5.0 M solution of lithium perchlorate in ether, the 
mono-addition product was favored. Reactions run in saturated solutions of lithium 
perchlorate are known to increase the rates of Diels-Alder reactions and it was 
hoped that it would aid in the addition of dichloroketene to 1,5-cyclooctadiene. 
Mono-addition was also favored in the dibromocarbene addition to 1,5- 
cyclooctadiene, even after adding excess dibromocarbene.^5
o
o
C1^CHC12 Cl 
NEt3 C1
— th —
Hexane q
Br
_____ 0
JOf<' Cl
/  c h 2n 2 
oBrBr
Br
t-BuO-
t-BuOH
3.10
Zn
HOAc
Figure 3.15 Proposed synthesis of 3.10 via attempted addition of 
dichloroketene to 1,5-cyclooctadiene.
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3 .3 .4  I m p r o v e d  S y n t h e s i s  o f  1 , 2 -
B is(d im ethy lam inom ethy l)ferrocene  and  A ttem pted  
Synthesis of '3 .8 '.
The formation of the cyclobutene ring fused to the ferrocene cyclopentadienyl 
was the synthetic challenge of 3.8. As mentioned previously, not only are four- 
membered rings difficult to synthesize, but the ring fusion to ferrocene creates an 
analog of cyclobutadiene, which is likely to show antiaromatic behavior. The 
synthetic strategy is to build the cyclobutadiene onto the ferrocene, which is 
outlined in Figure 3.16.
NMe.
1. BuLi
2. DMF
3. H30 + 
100% 3 .1 5 3 .1 6
NMe3+T
® J ]  B-
f t  — A ' ■
0
Mel
85%
3 .8  3 .17
Figure 3.16 Improved synthesis of 3.16 and attempted synthesis of 3.8.
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Ortholithiation of (dimethylaminomethyl)ferrocene86’87 and subsequent 
treatment with anhydrous N,N-dimethylformamide gave l-(dimethylaminomethyl)- 
2-formyl-ferrocene, 3.15, as an orange oil in a quantitative yield. After 
modification of an existing method,88 treatment of crude 3.15 with 
dimethylammonium chloride and sodium borohydride in methanol gave 
bis(dimethylaminomethyl)ferrocene, 3.16, as an orange solid. Further purification 
of 3.16 by recrystallization from ethanol gave orange crystals in an 85% yield, 
which were used to determine the X-ray structure. Treatment of an ether solution 
of 3.16 with methyl iodide resulted in the bis(trimethylammoniumiodide) salt, 
3.17, as a yellow powder in an 85% yield. Attempts to form the four-membered 
ring via cyclization failed when the deprotonation of 3.17 with 50% aqueous 
potassium hydroxide gave an inseparable mixture of products showing no vinylic 
protons in the iH NMR. Deprotonation of 3.17 with lithium diisopropylamide 
resulted in a small amount of an inseparable mixture of products, with !H NMR 
showing both vinylic protons and unexplained aromatic protons around 7.1 ppm. 
No reaction resulted with the attempted deprotonation by refluxing 3.17 with 
sodium methoxide in a methanol-tetrahydrofuran mixture. Because of the failure of
l ,2-bis[(dimethylamino)methyl]ferrocenes to undergo cyclizations to four- 
membered rings, synthesis of 3.9 via similar pathways would be useless.
Figure 3.17 is an ORTEP drawing of 3.16. Bond lengths are listed in Table
3.2 and bond angles and selected torsion angles are listed in Table 3.3. Both 
cyclopentadienyls are planar and parallel as expected for ferrocenes.
Table 3.2 Bond Distances (A) for ,3.16'.
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Fe Cl 2.040(7)
Fe C2 2.048(6)
Fe C3 2.054(7)
Fe C4 2.048(8)
Fe C5 2.047(7)
Fe C6 2 .021(6)
Fe C7 1.958(8)
Fe C8 2.006(6)
Fe C9 2.021(5)
Fe CIO 2.033(5)
N1 C ll 1.456(9)
N1 C12 1.47(1)
N1 C13 1.44(1)
N2 C14 1.473(7)
N2 C15 1.451(9)
N2 C16 1.468(9)
Cl C2 1.38(1)
Cl C5 1.41(1)
C2 C3 1.381(9)
C3 C4 1.43(1)
C4 C5 1.39(1)
C6 Cl 1.406(8)
C6 CIO 1.432(8)
C6 C ll 1.504(8)
Cl C8 1.407(8)
C8 C9 1.415(9)
C9 CIO 1.416(8)
CIO C14 1.497(8)
Table 3.3 Bond Angles ( ) and Selected Torsion Angles for '3.16'.
Cl Fe C2 39.6(3)
Cl Fe C3 67.2(3)
Cl Fe C4 67.7(3)
Cl Fe C5 40.4(3)
Cl Fe C6 106.9(3)
Cl Fe Cl 120.0(3)
Cl Fe C8 156.0(3)
Cl Fe C9 161.7(3)
Cl Fe CIO 124.7(2)
C2 Fe C3 39.4(3)
C2 Fe C4 67.0(3)
C2 Fe C5 66.6(3)
C2 Fe C6 123.9(2)
C2 Fe Cl 106.9(2)
C2 Fe C8 121.6(3)
C2 Fe C9 157.1(3)
C2 Fe CIO 160.9(2)
C3 Fe C4 40.9(3)
C3 Fe C5 67.3(3)
C3 Fe C6 159.6(3)
C3 Fe Cl 123.1(3)
C4 Fe C6 157.1(3)
C4 Fe Cl 161.0(3)
C4 Fe C8 124.8(3)
C4 Fe C9 108.3(2)
C4 Fe CIO 122.0(3)
C5 Fe C6 121.8(3)
C5 Fe Cl 156.4(3)
C5 Fe C8 161.5(3)
C5 Fe C9 125.1(3)
C5 Fe CIO 108.6(3)
C6 Fe Cl 41.3(2)
C6 Fe C8 69.4(2)
C6 Fe C9 69.4(2)
C6 Fe CIO 41.4(2)
C l Fe C8 41.5(2)
C l Fe C9 69.9(2)
Cl Fe CIO 69.8(2)
C8 Fe C9 41.1(2)
C8 Fe CIO 69.1(2)
C9 Fe CIO 40.9(2)
C ll N1 C12 110.2(5)
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Table 3.3 (cont.) Bond Angles (°) and Selected Torsion Angles for
13, W ,
C3 Fe C8 107.6(3) C ll N1 C13 108.9(5)
C3 Fe C9 122.3(2) C12 N1 C13 109.6(6)
C3 Fe CIO 158.0(2) C14 N2 C15 111.1(5)
C4 Fe C5 39.7(3) C14 N2 C16 109.3(5)
C15 N2 C16 108.6(5) C l C6 C ll 126.8(5)
Fe Cl C2 70.6(4) CIO C6 C ll 126.0(5)
Fe Cl C5 70.1(4) Fe C l C6 71.7(4)
C2 Cl C5 107.0(6) Fe Cl C8 71.1(4)
Fe C2 C l 69.9(4) C6 Cl C8 109.1(5)
Fe C2 C3 70.5(4) Fe C8 C l 67.4(4)
Cl C2 C3 110.1(6) Fe C8 C9 70.0(3)
Fe C3 C2 70.1(4) C l C8 C9 107.8(5)
Fe C3 C4 69.3(4) Fe C9 C8 68.9(3)
C2 C3 C4 107.0(6) Fe C9 CIO 70.0(3)
Fe C4 C3 69.8(4) C8 C9 CIO 107.9(5)
Fe C4 C5 70.1(4) Fe CIO C6 68.9(3)
C3 C4 C5 107.2(6) Fe CIO C9 69.1(3)
Fe C5 Cl 69.5(4) Fe CIO C14 125.9(4)
Fe C5 C4 70.2(4) C6 CIO C9 107.9(5)
Cl C5 C4 108.6(6) C6 CIO C14 127.0(5)
Fe C6 Cl 66.9(4) C9 CIO C14 125.1(5)
Fe C6 CIO 69.7(3) N1 C ll C6 112.1(5)
Fe C6 C ll 127.5(4) N2 C14 CIO 112.7(5)
C7 C6 CIO 107.1(5)
C ll C6 Cl C8 177.9 (6) C ll C6 CIO C14 2.5 (9)
C7 C6 CIO C14 -176.3 (5) C8 C9 CIO C14 178.6 (5;
C ll C6 CIO C9 -179.5 (6)
Numbers in parentheses are estimated standard deviations in the least significant
digits.
Figure 3.17 ORTEP drawing of l,2-bis(dimethylaminomethyl)ferrocene.
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3 .3 .5  A tte m p te d  S y n th e s is  o f  '3 .9 ' v i a  4 -B ro m o -7 ,7  -
d ich !o ro b icy c lo [3 .2 .0 ]h e p tan -2 -en -6 -o n e .
The failure to fuse a four-membered ring to ferrocene inspired an alternate 
route. The second strategy for the fusion of a cyclobutadiene to ferrocene was 
developed using the retrosynthetic analysis outlined in Figure 3.12, where the 
bicyclic framework was constructed before iron(II) was complexed to the 
cyclopentadienyl anion. The attempted and anticipated steps in the synthesis of 3.9 
are outlined in Figure 3.18.
° V _ _  " B S 1 CC1< O L LD^ c HF
C 1 ROOR /  A,  hv C 1 ^
83%
3 .1 8
^  HOn
h o  Ac l @ >  H+ □ ( § >
Cl Fe Cl  Fe Fe
t + e ' 2' " 8 "
o  o h3 .1 9  3 .9
Figure 3.18 Synthesis of 3.18 and the proposed synthesis of 3.9.
The [3.2.0] bicyclic skeleton was formed by the reaction of dichloroketene 
with cyclopentadiene to form 7,7-dichlorobicyclo[3.2.0]hept-2-en-6-one in 83% 
yield. Formation of the cyclopentadienyl anion requires further functionalization of 
the cyclopentene ring. 7,7-Dichlorobicyclo[3.2.0]hept-2-en-6-one was brominated
with N-bromosuccinimide in the presence of light and benzoyl peroxide in refluxing 
carbon tetrachloride to give 4-bromo-7,7-dichlorobicyclo[3.2.0]heptane-2-en-6- 
one, 3.18, in an 85% yield. Recrystallization from refluxing hexane gave X-ray 
quality crystals from which the structure was determined and verified. Attempted 
dehydro-debromination of 3.18 with the hindered bases lithium diisopropylamide 
and sodium bis(trimethylsilyl)amide and subsequent iron complexation of the 
proposed cyclopentadienyl using ferrous chloride were unsuccessful in producing 
3.9. The failure of 3.18 to undergo dehydro-debromination is not surprising due 
to absence of an anti conformation between the ct-hydrogens and the bromide 
leaving group, evident in the x-ray structure. Anticipating the interference of the 
carbonyl on 3.18 on the dehydro-debromination step, attempts to protect the 
ketone as a ketal failed, as 3.18 proved to be too unreactive towards ketalization. 
Also, the attempt to brominate the ethylene glycol ketal of dechlorinated 3.18, 
bicyclo[3.2.0]hept-2-ene-6-one, was unsuccessful.
Bromination of 7,7-dichlorobicyclo[3.2.0]hept-2-en-6-one can take place at 
two allylic sites, at the ring junction carbon or at the 3-position. X-ray 
crystallography of 3.18 confirmed that the major site of bromination is the 3- 
position. No other isomers were isolated or detected. An ORTEP drawing of
3.18 is illustrated in Figure 3.19. A list of bond distances is contained in Table 
3.4 and a list of bond angles is included in Table 3.5 for 3.18. As expected, 3.18 
is non planar with the dihedral angle between the planes defined by atoms 
[C1,C2,C5,C6, Cl] and atoms [C2,C3,C4,C5] is 66 .8°.
C12
Cll
Figure 3.19 ORTEP drawing of 3.18.
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Table 3.4 Bond Distances (A) for '3.18'.
Br Cl 2 .00(1) C2 C3 1.50(2)
Cll C4 1.77(1) C2 C5 1.52(2)
C12 C4 1.77(2) C3 C4 1.51(2)
O C3 1.21(2) C4 C5 1.53(2)
Cl C2 1.50(2) C5 C6 1.49(2)
c Cl 1.44(2) C6 Cl 1.29(2)
Numbers in parentheses are estimated standard deviations in the least significant
digits.
Table 3.5 Bond Angles O  and Selected Torsion Angles for '3.18'.
Br Cl C2 111.1(9) Cll C4 C3 119(1)
Br Cl Cl 108.8(9) Cll C4 C5 118.(1)
C2 Cl Cl 105.(1) C12 C4 C3 110.(1)
Cl C2 C3 114.(1) C12 C4 C5 113(1)
Cl C2 C5 106.(1) C3 C4 C5 86.4(9)
C3 C2 C5 87.4(9) C2 C5 C4 90.(1)
O C3 C2 135.(1) C2 C5 C6 102.(1)
O C3 C4 132.(1) C4 C5 C6 115.(1)
C2 C3 C4 92(1) C5 C6 Cl 113.(1)
Cll C4 C12 109.2(6) Cl Cl C6 112.(1)
Numbers in parentheses are estimated standard deviations in the least significant
digits.
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3 .3 .6  Synthesis o f l ,4 - ( l ,l '-F e r r o c e n e d iy l)- l , 3-butadiene, 
’3 . 6 ' .
The ferroceneophane l,4-(l,r-ferrocenediyl)-l,3-butadiene, 3.6. showed the 
most promise as a potential monomer for ROMP to the polyferrocene-ene 3.2. The 
key step in the synthesis of 3.6 is the early formation of the four carbon bridge, 
starting with the synthesis of 3.12, which is accomplished in moderate yields by 
oxidatively coupling the enolate of 1,1-diacetylferrocene with anhydrous cupric 
chloride. Attempts to form 3.6 via the Shapiro Reaction89-91 on 3.12 failed.
Reduction of 3.12 to l,4-(l,l'-ferrocenediyl)-l,4-butandiol, 3.11, opens up 
new routes to 3.6. Dehydration of alcohols is one of the most commonly used 
methods for the synthesis of alkenes. Consequently, a number of dehydrating 
agents were applied to 3.11 in the attempts to synthesize 3.6. Simplicity and the 
ability to scale up the synthesis was the criteria used in the choice of prospective 
dehydrating agents. Simply refluxing 3.11 in dilute aqueous acids failed to 
produce 3.6. The Burgess reagent,92 a facile dehydration method, failed to react 
with 3.11. The most successful techniques used to dehydrate 3.11 to 3.6 
involved solid state dehydrations using both silica gel and alumina (basic and 
neutral) and acid catalyzed dehydration in a non-aqueous solvent.
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3 .4 .7  Synthesis o f '3 .6 ' via Solid S tate D ehydration of '3.11'.
The synthesis of 3.6 begins with the reduction of 3.12, with sodium 
borohydride in methanol or analogously, with lithium aluminum hydride in 
tetrahydrofuran to give a diastereomeric mixture of 3.11 in a quantitative yield. 
The final step in the synthesis of 3.6 involves the dehydration of 3.11.
Metal oxides are commonly used for solid state dehydrations, where the 
dehydration rates increase with the increasing covalent character of the metal- 
oxygen bond in the catalyst. Therefore, the catalysts can be placed in the following 
order of dehydrating ability:93
WO3 > SiC>2 > AI2O3 > TiC>2 > Cr2C>3 > FeO > ZnO > MgO > CaO
The technique used for the solid state dehydration of 3.11 involved heating a 
10% (by weight) mixture of 3.11 with four different solid supports: tungsten(VI) 
oxide, silica gel, alumina (neutral), or alumina (basic) under vacuum in a 
sublimation apparatus. Between 180-260° C, a red powder sublimed on the cold 
finger, which *H NMR, 13C NMR, and mass spectroscopy revealed to be a 
mixture of 3.6 and l ,4 - ( l , l ’-ferrocenediyl)-l-butene, 3.20, for all of the solid 
supports used. If silica gel was used, 2,5-(l,l'-ferrocenediyl)tetrahydrofuran, 
3.21, also formed as an impurity. All yields are based on moles of material 
converted to dehydration products and were between 20-60%. When tungsten (VI) 
oxide was used, less than a 10% yield of 3.6 resulted with numerous unidentified 
products as contaminates.
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The presence of 3.21 in the solid state dehydration is not surprising because it 
is a partial dehydration product, but 3.20 must be due to an inter or intramolecular 
reduction. Mass spectroscopy of the dehydration products from the crossover 
experiments involving the solid state dehydration of equimolar quantities of 3.11 
and ( l ,4 -G?2)-l>4-(l,r-ferrocenediyl)-l,4 -butandiol, ^ 2-3.11, produced isotopic 
isomers of 3.6 and 3.20 that would be consistent with intermolecular reduction, as 
illustrated in Figure 3.20. If intramolecular reduction was the sole process, 
structures 3.6, 3 .20, 3 .6a , and 3 .20a  would be the only species present. 
Instead, parent ions with molecular weights resembling structures of 3.6b and 
3.20b were also observed in the mass spectrum, which is consistent with an 
intermolecular reduction. A possible mechanism for the intermolecular reduction to 
produce 3.20 from 3.11 is proposed on Figure 3.21. This hypothesis led to 
attempts to dehydrate 3.11 in more dilute mixtures of the solid phase medium. The 
results are reported on Table 3.6. Diluting 3.11 from 10% to 1% mixtures in 
alumina was ineffective, but the amount of 3.20 and 3.21 was substantially 
reduced when analogous dilutions in silica gel were attempted. This was the major 
breakthrough because 3.6 and 3.20 are inseparable by conventional means. With 
reduced amounts of 3.20 in the product, 3.6 could now be successfully purified 
by recrystallization.
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Proposed structures consistent with 
GC/MS data I a
+
3.20
D OH
D OH
3.11 -d-
H OH
+
H OH
3.11
AI2O3 or
0
3.6a
+
3.20a
3.6b
+ Fe
3.20b
Figure 3.20 Crossover study of the solid state dehydration of a 1:1 mixture of
3.11 and 3.11 -d2.
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OH
OH H
H OH H OH H OH
No dehydration 
products obseved
H OH
H OH
Figure 3.21 Proposed mechanism for formation of 3.20.
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Table 3.6 Solid Support Dehydration of '3.11* and Resulting
Product Ratios.
Fe Fe O
M .
Si02 (10%) 4.5 1 4.5
Si02 (1%) 1 trace trace
A120 3 (Basic) (10%) 1 1
A120 3 (Neut.) (10%) 1.5 1
A120 3 (Neut.) (1%) 1.5 1
3 .4 .8  Synthesis of '3.6' via Solution D ehydration of '3.11'.
Dehydrations of 3.11 to 3.6 were also attempted in solution. Various 
concentrations of sulfuric and phosphoric acids failed to yield any significant 
amounts of 3.6. Dehydration of 3.11 by refluxing in benzene with p-  
toluenesulfonic acid gave results similar to those obtained from heating 3.11 in 
silica gel at 10% by weight. The drawback of the dilute solid state methods were 
the low yields. With the results from the crossover experiment, moving to more 
dilute conditions was the logical choice.
The most successful synthesis of 3.6 involved refluxing a dilute solution of
3.11 in benzene and p-toluene sulfonic acid (10% by mole, based on moles of 
hydroxyl) yielding 3.6 with the smallest amounts of 3.20 and 3.21, compared to
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more concentrated solutions and solid state techniques. Purification by silica gel 
column chromatography eluting with hexane yielded 3.6 in a 61% yield, 
contaminated with a minute amount 3.20. Elution with a hexane/ethyl acetate 
gradient eluted a small amount of 3.21. Recrystallization of 3.6 by slow cooling 
from refluxing ethanol, aided by a seed crystal gave X-ray quality crystals.
X-ray structure determination of both 3.6 and 3.12 revealed interesting 
features. Most striking are the strain induced distortions in the bridge sp2 carbon 
bond angles in 3.6 where C l-C l 1-C12, Cl 1-C12-C13, C12-C13-C14, and C13- 
C14-C6 are 128.5°, 130.9°, 130.7°, and 129.0° respectively where the bridge sp2 
carbon bond angles impose about 10° of bond angle strain. This strain will prove 
useful in driving the ROMP of 3.6. The bridge imposes a nearly equal twist angle 
of 43.6° and 44.0° in 3.6 and 3.12 respectively, while the tilt angle between 
cyclopentadienyl planes show a greater distortion in 3.6 at 10.2° compared to 6.7° 
for 3.12. Table 3.7 lists bond distances and Table 3.8 lists bond angles with 
selected torsion angles for 3.6. Table 3.9 lists bond distances and Table 3.10 lists 
bond angles with selected torsion angles for 3.12. Figures 3.22 and 3.23 give the 
side view ORTEP's of 3.6 and 3.12 respectively. Figure 3.24 gives the top view 
ORTEP's of 3.6 and 3.12.
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Table 3.7 Bond Distances in (A) of *3.6'.
Fela C la 2.001(5) Felb C lb 2.004(5) Felc Clc 1.999(5)
Fela C2a 2.035(5) Felb C2b 2.037(4) Felc C2c 2.026(4)
Fela C3a 2.061(5) Felb C3b 2.054(5) Felc C3c 2.042(5)
Fela C4a 2.036(5) Felb C4b 2.050(5) Felc C4c 2.033(5)
Fela C5a 2.016(5) Felb C5b 2.017(5) Felc C5c 2.021(5)
Fela C6a 2.007(5) Felb C6b 2.008(4) Felc C6c 2.007(5)
Fela C7a 2.013(5) Felb C7b 2.011(5) Felc Clc 2.023(5)
Fela C8a 2.040(5) Felb C8b 2.046(4) Felc C8c 2.047(6)
Fela C9a 2.063(5) Felb C9b 2.055(5) Felc C9c 2.047(6)
Fela ClOa 2.032(5) Felb ClOb 2.037(4) Felc ClOc 2.031(5)
C la C2a 1.415(7) C lb C2b 1.419(7) C lc C llc 1.471(7)
C la C5a 1.425(7) C lb C5b 1.422(7) C lc C5c 1.420(6)
C la C lla 1.460(8) C lb C llb 1.473(7) C lc Clc 1.410(7)
C2a C3a 1.407(7) C2b C3b 1.410(7) C2c C3c 1.413(7)
C3a C4a 1.408(7) C3b C4b 1.407(7) C3c C4c 1.411(7)
C4a C5a 1.400(7) C4b C5b 1.382(7) C4c C5c 1.396(7)
C6a C7a 1.399(7) C6b C7b 1.423(6) C6c Clc 1.407(7)
C6a ClOa 1.424(7) C6b ClOb 1.425(6) C6c ClOc 1.412(8)
C6a C14a 1.467(8) C6b C14b 1.467(7) C6c C14c 1.482(8)
C7a C8a 1.374(7) C7b C8b 1.393(6) C7c C8c 1.428(8)
C8a C9a 1.395(7) C8b C9b 1.396(6) C8c C9c 1.405(8)
C9a ClOa 1.439(7) C9b ClOb 1.402(7) C9c ClOc 1.405(8)
C lla C 12a 1.314(9) C llb C12b 1.309(8) C llc C l lc 1.320(8)
C 12a C13a 1.45(1) C 12b C13b 1.469(9) C12c C13c 1.446(9)
C13a C14a 1.323(9) C13b C14b 1.318(8) C13c C14c 1.307(9)
Numbers in parentheses are estimated standard deviations in the least significant
digits.
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Table 3.8 Bond Angles O  and Selected Torsion Angles f°> of *3.6'.
CIA FelA C2A 41.0(2) C3A FelA C9A 117.5(2)
CIA FelA C3A 68.7(2) C3A FelA C10A 142.0(2)
CIA FelA C4A 68.5(2) C4A FelA C5A 40.4(2)
CIA FelA C5A 41.6(2) C4A FelA C6A 135.5(2)
CIA FelA C6A 105.1(2) C4A FelA C7A 171.1(2)
CIA FelA C7A 103.7(2) C4A FelA C8A 149.2(2)
CIA FelA C8A 132.9(2) C4A FelA C9A 120.0 (2 )
CIA FelA C9A 171.5(2) C4A FelA C10A 114.0(2)
CIA FelA C10A 137.5(2) C5A FelA C6A 104.8(2)
C2A FelA C3A 40.2(2) C5A FelA C7A 130.8(2)
C2A FelA C4A 67.5(2) C5A FelA C8A 170.4(2)
C2A FelA C5A 68.9(2) C5A FelA C9A 144.7(2)
C2A FelA C6A 136.5(2) C5A FelA C10A 111.0 (2 )
C2A FelA C7A 109.7(2) C6A FelA C7A 40.7(2)
C2A FelA C8A 112.1(2 ) C6A FelA C8A 67.6(2)
C2A FelA C9A 139.9(2) C6A FelA C9A 69.1(2)
C2A FelA C10A 177.7(2) C6A FelA C10A 41.3(2)
C3A FelA C4A 40.2(2) CIA FelA C8A 39.6(2)
C3A FelA C5A 68.5(2) CIA FelA C9A 67.9(2)
C3A FelA C6A 173.1(2) CIA FelA C10A 68.5(2)
C3A FelA C7A 142.3(2) C8A FelA C9A 39.8(2)
C3A FelA C8A 118.7(2) C8A FelA C10A 67.6(2)
C9A FelA C10A 41.2(2) C7A C6A C10A 107.5(4)
FelA CIA C2A 70.8(3) C7A C6A C14A 127.0(5)
FelA CIA C5A 69.8(3) C10A C6A C14A 125.3(5)
FelA CIA C11A 121.6(4) FelA C7A C6A 69.4(3)
C2A CIA C5A 107.5(4) FelA C7A C8A 71.2(3)
C2A CIA C11A 124.2(4) C6A C7A C8A 108.6(4)
C5A CIA C11A 128.1(4) FelA C8A C7A 69.1(3)
FelA C2A CIA 68.2(3) FelA C8A C9A 71.0(3)
FelA C2A C3A 70.9(3) C7A 8A C9A 110.4(5)
CIA C2A C3A 108.7(4) FelA C9A C8A 69.2(3)
FelA C3A C2A 68.9(3) FelA C9A C10A 68.3(3)
FelA C3A C4A 69.0(3) C8A C9A C10A 106.1(4)
C2A C3A C4A 107.0(5) FelA C10A C6A 68.4(3)
FelA C4A C3A 70.8(3) FelA C10A C9A 70.6(3)
110
Table 3.8 (cont.) Bond Angles O  and Selected Torsion Angles O
of ,3.6’.
FelA C4A C5A 69.0(3) C6A C10A C9A 107.4(4)
C3A C4A C5A 109.7(4) CIA C11A C12A 128.5(5)
FelA C5A CIA 68.7(3) C11A C12A C13A 130.9(6)
FelA C5A C4A 70.6(3) C12A C13A C14A 130.7(6)
CIA C5A C4A 107.1(4) C6A C14A C13A 129.0(6)
FelA C6A C7A 69.8(3) C1B FelB C2B 41.1(2)
FelA C6A CIO A 70.3(3) C1B FelB C3B 68.5(2)
FelA C6A C14A 120.8(4) C1B FelB C4B 68.3(2)
C1B FelB C5B 41.4(2) C4B FelB C6B 133.3(2)
C1B FelB C6B 105.0(2) C4B FelB C7B 171.2(2)
C1B FelB C7B 104.9(2) C4B FelB C8B 148.6(2)
C1B FelB C8B 135.0(2) C4B FelB C9B 118.7(2)
C1B FelB C9B 172.6(2) C4B FelB C10B 112.2 (2)
C1B FelB C10B 137.0(2) C5B FelB C6B 104.0(2)
C2B FelB C3B 40.3(2) C5B FelB C7B 131.5(2)
C2B FelB C4B 67.8(2) C5B FelB C8B 171.6(2)
C2B FelB C5B 68 .6 (2 ) C5B FelB C9B 142.6(2)
C2B FelB C6B 137.4(2) C5B FelB C10B 110.1(2)
C2B FelB C7B 111.2 (2) C6B FelB C7B 41.5(2)
C2B FelB C8B 113.8(2) C6B FelB C8B 68 .6(2 )
C2B FelB C9B 141.7(2) C6B FelB C9B 68.7(2)
C2B FelB C10B 178.1(2) C6B FelB C10B 41.2(2)
C3B FelB C4B 40.1(2) C7B FelB C8B 40.2(2)
C3B FelB C5B 67.6(2) C7B FelB C9B 67.8(2)
C3B FelB C6B 171.6(2) C7B FelB C10B 68.5(2)
C3B FelB C7B 144.0(2) C8B FelB C9B 39.8(2)
C3B FelB C8B 119.7(2) C8B FelB C10B 67.3(2)
C3B FelB C9B 118.1(2) C9B FelB C10B 40.1(2)
C3B FelB C10B 140.8(2) FelB C1B C2B 70.7(3)
C4B FelB C5B 39.7(2) FelB C1B C5B 69.8(3)
FelB C1B c u b 121.0(4) FelB C7B C6B 69.2(3)
C2B C1B C5B 107.0(4) FelB C7B C8B 71.3(3)
C2B C1B c u b 125.1(4) C6B C7B C8B 108.4(4)
C5B C1B c u b 127.7(4) FelB C8B C7B 68.6(3)
FelB C2B C1B 68.2(3) FelB C8B C9B 70.4(3)
FelB C2B C3B 70.5(3) C7B C8B C9B 108.8(4)
I l l
Table 3.8 fcont.) Bond Angles O  and Selected Torsion Angles D
q llm :,
C1B C2B C3B 107.7(4) FelB C9B C8B 69.8(3)
FelB C3B C2B 69.2(3) FelB C9B C10B 69.3(3)
FelB C3B C4B 69.8(3) C8B C9B C10B 108.0(4)
C2B C3B C4B 108.0(4) FelB C10B C6B 68.3(2)
FelB C4B C3B 70.1(3) FelB C10B C9B 70.6(3)
FelB C4B C5B 68.8(3) C6B C10B C9B 108.4(4)
C3B C4B C5B 108.6(4) C1B C11B C12B 129.3(5)
FelB C5B C1B 68.8(3) C11B C12B C13B 131.1(5)
FelB C5B C4B 71.5(3) C12B C13B C14B 130.0(5)
C1B C5B C4B 108.6(4) C6B C14B C13B 129.0(5)
FelB C6B C7B 69.4(2) C1C FelC C2C 41.0(2)
FelB C6B C10B 70.4(2) C1C FelC C3C 68.7(2)
FelB C6B C14B 121.8(3) C1C FelC C4C 68.7(2)
C7B C6B C10B 106.3(4) C1C FelC C5C 41.4(2)
C7B C6B C14B 127.7(4) C1C FelC C6C 104.9(2)
C10B C6B C14B 125.9(4) C1C FelC C7C 104.1(2)
C l C FelC C8C 134.5(2) C4C FelC C9C 118.7(2)
C1C FelC C9C 172.3(2) C4C FelC C10C 112.8(2)
C1C FelC C10C 136.6(2) C5C FelC C6C 104.4(2)
C2C FelC C3C 40.6(2) CSC FelC C7C 130.9(2)
C2C FelC C4C 68.4(2) C5C FelC C8C 171.9(2)
C2C FelC C5C 68.9(2) CSC FelC C9C 142.8(2)
C2C FelC C6C 136.3(2) C5C FelC C10C 110.2(2 )
C2C FelC C7C 110.0 (2 ) C6C FelC C7C 40.8(2)
C2C FelC C8C 112.5(2) C6C FelC C8C 68.9(2)
C2C FelC C9C 141.8(2) C6C FelC C9C 68.5(2)
C2C FelC C10C 177.1(2) C6C FelC C10C 40.9(2)
C3C FelC C4C 40.5(2) C7C FelC CSC 41.1(2)
C3C FelC C5C 68 .2(2) C7C FelC C9C 68.3(2)
C3C FelC C6C 172.5(2) C7C FelC C10C 68.4(2)
C3C FelC C7C 143.1(2) C8C FelC C9C 40.2(2)
C3C FelC C8C 118.3(2) C8C FelC C10C 68 .0 (2 )
C3C FelC C9C 118.1(2) C9C FelC C10C 40.3(2)
C3C FelC C10C 141.9(2) FelC C1C C2C 70.5(3)
C4C FelC C5C 40.3(2) FelC C1C C5C 70.1(3)
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Table 3.8 fcont.) Bond Angles O  and Selected Torsion Angles D
Of'3,6',
C4C FelC C6C 134.3(2) FelC C1C C11C 122.5(4)
C4C FelC C7C 171.1(2) C2C C1C C5C 108.0(4)
C4C FelC C8C 147.8(2) C2C C1C Cl 1C 125.5(4)
C5C C1C C11C 126.5(4) C10C C6C CMC 125.2(5)
FelC C2C C1C 68.5(3) FelC C7C C6C 69.0(3)
FelC C2C C3C 70.3(3) FelC C7C C8C 70.3(3)
C l C C2C C3C 107.8(4) C6C C7C C8C 107.9(5)
FelC C3C C2C 69.1(3) FelC C8C C7C 68.6(3)
FelC C3C C4C 69.4(3) FelC C8C C9C 69.9(3)
C2C C3C C4C 107.9(4) C7C C8C C9C 107.5(5)
FelC C4C C3C 70.1(3) FelC C9C C8C 69.9(3)
FelC C4C C5C 69.4(3) FelC C9C C10C 69.2(3)
C3C C4C CSC 108.6(4) C8C C9C C10C 108.4(5)
FelC C5C C1C 68.5(3) FelC C10C C6C 68.6(3)
FelC C5C C4C 70.3(3) FelC C10C C9C 70.5(3)
C1C C5C C4C 107.8(4) C6C C10C C9C 108.3(4)
FelC C6C C7C 70.2(3) C1C C11C C12C 129.5(5)
FelC C6C C10C 70.4(3) C11C C12C C13C 130.2(6)
FelC C6C C14C 121.2(4) C12C C13C CMC 132.0(6)
C7C C6C C10C 107.9(5) C6C CMC C13C 128.8(5)
C7C C6C CMC 126.8(5)
C12A C13A C14A C6A -0.5 C11A C12A C13A C14 42.2
CIA C11A-C12A C13A 1.5
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Table 3.9 Bond Distances (A) for ’3.12’.
Fe C l 2.0121(9)
Fe C2 2.0331(9)
Fe C3 2.0693(8)
Fe C4 2.0846(9)
Fe C5 2.061(1)
Fe C6 2.0166(8)
Fe C7 2.059(1)
Fe C8 2.082(1)
Fe C9 2.065(1)
Fe CIO 2.0291(8)
Ol C ll 1.216(1)
0 2 C14 1.223(2)
C l C2 1.439(1)
C l C5 1.434(1)
C l C ll 1.473(1)
C2 C3 1.415(1)
C3 C4 1.423(2)
C4 C5 1.420(1)
C6 C7 1.432(1)
C6 CIO 1.436(2)
C6 C14 1.473(2)
C7 C8 1.412(2)
C8 C9 1.422(2)
C9 CIO 1.417(2)
C ll C12 1.517(2)
C12 C13 1.540(1)
C13 C14 1.517(2)
Numbers in parentheses are estimated standard deviations in the least significant
digits.
Table 3.10 Bond Angles n  for ’3.12’.
C l Fe C2 41.68(4)
C l Fe C3 68.67(4)
C l Fe C4 68.43(4)
C l Fe C5 41.20(4)
C l Fe C6 108.81(4)
C l Fe C7 139.70(4)
C l Fe C8 175.62(4)
C l Fe C9 136.18(4)
C l Fe CIO 107.54(4)
C2 Fe C3 40.34(4)
C2 Fe C4 68.08(4)
C2 Fe C5 69.07(4)
C2 Fe C6 107.95(4)
C2 Fe C7 111.62(4)
C2 Fe C8 141.78(4)
C2 Fe C9 175.79(4)
C2 Fe CIO 135.29(4)
C3 Fe C9 143.87(5)
C3 Fe CIO 175.59(4)
C4 Fe C5 40.06(4)
C4 Fe C6 176.02(4)
C4 Fe C7 139.50(4)
C4 Fe C8 114.66(5)
C4 Fe C9 115.27(5)
C4 Fe CIO 141.44(5)
C5 Fe C6 139.41(4)
C5 Fe C7 179.11(4)
C5 Fe C8 139.25(5)
C5 Fe C9 111.60(4)
C5 Fe CIO 111.01(4)
C6 Fe C7 41.11(4)
C6 Fe C8 68.27(4)
C6 Fe C9 68.71(4)
C6 Fe CIO 41.58(4)
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Table 3.10 (cont.) Bond Angles O  for '3.12*.
C3 Fe C4 40.06(5) C l Fe C8 39.87(5)
C3 Fe C5 67.82(4) C l Fe C9 67.75(4)
C3 Fe C6 136.65(4) C l Fe CIO 68.94(4)
C3 Fe C l 112.30(4) C 8 Fe C9 40.11(5)
C3 Fe C8 115.71(4) C 8 Fe CIO 68.10(4)
C9 Fe CIO 40.50(5) C l C6 CIO 107.58(9)
Fe C l C2 69.94(5) C l C6 C14 123.31(9)
Fe C l C5 71.22(5) CIO C6 C14 128.34(9)
Fe Cl C ll 115.57(5) Fe C l C6 67.86(5)
C2 C l C5 107.79(8) Fe C l C8 70.94(6)
C2 Cl C l l 127.40(9) C6 C l C8 108.0(1)
C5 C l C l l 123.83(9) Fe C8 Cl 69.19(6)
Fe C2 C l 68.38(5) Fe C8 C9 69.30(6)
Fe C2 C3 71.21(5) Cl C8 C9 108.4(1)
C l C2 C3 107.56(9) Fe C9 C8 70.59(6)
Fe C3 C2 68.45(5) Fe C9 CIO 68.39(6)
Fe C3 C4 70.55(5) . C8 C9 CIO 108.3(1)
C2 C3 C4 108.65(9) Fe CIO C6 68.74(5)
Fe C4 C3 69.40(5) Fe CIO C9 71.11(5)
Fe C4 C5 69.06(5) C6 CIO C9 107.67(9)
C3 C4 C5 108.29(9) Ol C ll C l 121.3(1)
Fe C5 Cl 67.58(5) Ol C ll C12 119.95(9)
Fe C5 C4 70.87(6) Cl C ll C12 118.57(9)
C l C5 C4 107.70(9) C ll C12 C13 111.25(9)
Fe C6 C l 71.03(5) C12 C13 C14 111.55(8)
Fe C6 CIO 69.67(5) 0 2 C14 C6 120.6 (1)
Fe C6 C14 116.90(6) 0 2 C14 C13 119.7(1)
C6 C14 C13 119.6(1)
Numbers in parentheses are estimated standard deviations in the least significant
digits.
IC2BC3B
C1B
C5B
C4B
C12B
C13BC8B
C7BC9B C14B
C6B
C10B
Figure 3.22 Side ORTEP view of 3.6.
Figure 3.23 Side ORTEP view of 3.12.
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Figure 3.24 Top ORTEP views of 3.6 and 3.12.
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3 .5  C o n c lu s io n .
In the search for potential monomers for conductive polymers based on 
repeating ferrocene units, only one ferrocene, l,4 -(l,l'-ferrocenediy l)-l,3- 
butanediene, 3.6, shows promise. It was synthesized from the known 1,4-(1,T- 
ferrocenediyl)-l,4-butanedione, 3.12, in a 61% overall yield. The strain in the 
butadiene bridge induced by the 10“ distortions in the bridge sp2 carbon bond 
angles and cyclopentadienyl tilt angle of 10.2" provide evidence that 3.6 will be an 
excellent candidate for ROMP to the first polylerrocene-ene conductive polymer.
Future directions planned for this research include testing various ROMP 
catalysts on 3.6 in ROMP feasibility studies. Also, it has been proposed that 3.6 
may make an oligomer too crystalline to polymerize further to high polymer. The 
solution to this drawback would be to synthesize ferroceneophane monomers 
analogous to l,4-(l,r-ferrocenediyl)-l,3-butanediene, involving long alkyl chains 
emanating from the cyclopentadienyls to break up potential crystallinity. Other 
anticipated advantages of this modification would be a polymer with increased 
solubility in organic solvents and greater flexibility.
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3 .6  E xperim ental Section.
G enera l C om m ents: n-Buiylliihium (1.6 M and 2.5 M in hexanes),
methyllithium (1.4 M in ether), methylmagnesium bromide (3.0 M in ether), 
methylmagnesium chloride (3.0 M in tetrahydrofuran), dimethylamine 
hydrochloride, (dimethylaminomethyl)ferrocene, N,N-dimethylformamide 
(anhydrous), 1,5-cyclooctadiene, and dichloroacetylchloride were used as received 
from Aldrich. Ethylenediamine (Aldrich) was distilled over calcium oxide prior to 
use. Methyl iodide and 1,2-dibromoethane (Aldrich) were passed through a 
column of basic alumina prior to use. Triphenylphosphine (Aldrich) was 
rec ry sta llized  from  ethanol and dried  under h igh vacuum . 
Tetramethylethylenediamine (TMEDA) (Aldrich) was distilled under reduced 
pressure from n-butyllithium prior to use. Triethylamine was distilled from CaH2 
prior to use. Chlorotrimethylsilane (Aldrich) was distilled from CaH2 prior to use. 
Lithium perchlorate (anhydrous) was healed and dried under high vacuum in the 
presence of phosphorous pentoxide. Cyclopentadiene was distilled directly from 
cracked dicyclopentadiene (Aldrich), collected in dry ice, and used immediately. 
Ether was distilled over Na/K (benzophenone) under argon. Tetrahydrofuran was 
distilled from potassium under argon. Toluene was distilled from sodium under 
argon and degassed by freeze-thaw method. Hexane was distilled from CaH2 
under argon. Trimethylsilylcyclopentadiene94 was prepared according to a 
literature method. 1,1 '-Diacetylferrocene9  ^was prepared according to a literature 
m ethod or purchased from Sigma and used as received. 7,7- 
Dichlorobicyclo[3.2.0]hept-2-ene-6-one and bicyclo[3.2.0]hept-2-ene-6-one were 
synthesized according to literature methods.96
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General Methods: All reactions and manipulations were performed under 
argon except where noted. 1H NMR and 13C NMR spectra were measured at 200 
MHz and 50 MHz, respectively, on a Bruker AC 200 spectrometer. Chemical 
shifts are reported in 8 or ppm downfield from tetramethylsilane. IR spectra were 
measured on a Perkin-Elmer 1760X FTIR. Elemental analysis for new compounds 
was obtained from Oneida Research Services, Inc. (Whitesboro, NY) and Desert 
Analytics (Tucson, AZ). GC/MS were performed on a Hewlett Packard HP5995. 
High Resolution Mass Spectra were performed by Midwest Mass Spectroscopy 
Services (Lincoln, NE).
3 . 6 . 1  A t t e m p t e d  S y n t h e s i s  o f  l , 2 - B i s - ( 3 -  
trim ethylsilylcyclopentadienyl)ethane, '3.13'.
3 . 6 . 1 . 1  V i a  T r im e th y ls ily lc y c lo p e n ta d ie n e  and 1,2- 
Dibrom oethane.
Methylmagnesium chloride (3.0 M, 18.8 mL; 47.3 mmol) was added dropwise 
to a solution of trimethylsilylcyclopentadiene in anhydrous tetrahydrofuran (50 mL) 
at -78° C, allowed to warm to room temperature, and stirred for two hours. The 
solution was then cooled to -78° C and ethylenediamine (3.2 mL; 47 mmol) was 
added slowly to the reaction mixture and stirred for 30 minutes. 1,2- 
Dibromoethane (1.9 mL; 23 mmol) was added slowly to the reaction mixture at -78° 
C, warmed to 0° C, and stirred overnight. The reaction mixture was poured into a 
7 N HC1 /  ether mixture, and extracted with ether. The combined ether extracts 
were dried with calcium chloride and solvent removal under reduced pressure gave 
a yellow oil. Bulb-to-bulb distillation under reduced pressure gave a yellow oil
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(1.5 g, b.p. 55-60° C @ 0.5 mm Hg). NMR showed numerous multiplets 
from 6 .9-6.0 ppm, broad triplets at 3.59 and 3.05 ppm, and numerous singlets 
between 0 and 0.3 ppm. There was no conclusive evidence that 3.13 was 
synthesized. In an effort to trap the possible 3.13 in an easily characterized 
metallocene form using a standard procedure to make metallocenes,97 the above 
fraction was subjected to deprotonation and then treated with TiCl3-3THF. No 
titanocene was recovered. 3.13 is unlikely to have been synthesized if no 
titanocene was produced.
3 .6 .1 .2  V i a  l ,2 - B is ( c y c lo p e n ta d ie n y I ) e th a n e  a n d  
trim eth y lch lo ro silan e .
Methylmagnesium bromide (3.0 M; 91.3 mL; 0.274 mol) was added slowly to 
cyclopentadiene (22.5 mL; 0.274 mol) in anhydrous ether (500 mL) at 0° C. 
Ethylenediamine (18.5 mL; 0.274 mol) was then slowly added with the evolution 
of gas and the formation of a white precipitation. The reaction mixture was stirred 
for two hours. The suspension was then cooled to -78° C and 1,2-dibromoethane 
(11.8 mL; 0.137 mol) was added slowly to the reaction mixture and stirred at 0“ C 
for 3.5 hours. The reaction mixture was treated with a 7 M HC1 / ether mixture 
(150 mL), warmed to room temperature, and extracted with ether. The combined 
ether extracts were dried with calcium chloride and solvent removal under reduced 
pressure gave an oil, which was immediately was passed through a short 
chromatography column (25 g silica gel), eluting with hexane. Removal of solvent 
under reduced pressure at 0° C yielded only 1,2-dibromoethane. The reaction was 
repeated as above replacing TMEDA for EDA, which also resulted in recovery of 
starting material.
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3 .6 .3  Synthesis o f (E ,E )-1 ,2-B is[(trim ethy lsily l)m ethy lene]- 
cyclopen tane  '3 .14 '.
Using a modification of a known procedure ,98 a solution of 1,7- 
b is(trim ethy lsily l)-l,6 -h ep tad iy n e"  (6.00 g; 25.4 mmol) and zirconocene 
dichloride (8.93 g; 30.5 mmol) in anhydrous tetrahydrofuran (250 mL) was quickly 
added to a suspension (stirred for 15 minutes prior to addition) of magnesium 
turnings (4.03 g; 166 mmol) and mercury(II) chloride (4.55 g; 16.8 mmol) in 
anhydrous tetrahydrofuran (250 mL). The reaction mixture was allowed to stir at 
room temperature for 18-24 hours. The solution was decanted from the unreacted 
magnesium into a separatory funnel filled with 10% sulfuric acid (250 mL) and 
hexane (250 mL). The aqueous layer was washed with hexanes (2x). The 
combined hexane extracts were washed with saturated sodium bicarbonate solution 
(200 mL) and dried over anhydrous magnesium sulfate. The solvent was removed 
under reduced pressure and bulb-to-bulb distillation of the residue under reduced 
pressure afforded 3.14 as a yellow oil (5.67 g; 94% yield). Further purification by 
vacuum fractional distillation yielded a clear oil (4.3 g; 71% yield), (b.p. 73-75° C 
@ 0.7 mm Hg). NMR (100 MHz; CDCI3) 6  0.2 (s, 18 H), 1.7 (m, 2 H), 2.4 
(m, 4 H), 6.0 (s, 2 H); IR (neat; cm '1): 2960, 1619, 1253, 1138; MS (m/z); 135, 
121, 109, 95, 83, 73, 59.
Anal. Calcd. for C13H26Si2: C; 65.46; H, 10.99. Found: C, 65.52; H, 11.25.
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3 .6 .4  A ttem pted [4+4] Coupling of '3.14' with Ni(COD>2.
Toluene solutions (50 mL of toluene in each) of 3.14 (4.0 g; 16.8 mmol), 
triphenylphosphine (0.221 g; 0.84 mmol), Ni(COD)2 (0.116 g; 0.42 mmol) were 
prepared under argon. The triphenylphosphine solution was transferred to the 
solution of 3.14 with gentle stirring. The Ni(COD)2 solution was added to the 
mixture, turning a deep red color. The reaction mixture was heated at 80° C, stirred 
for 24 hours, and cooled to room temperature where it was air oxidized for one 
hour where it turned a dark green.. The solution was filtered through a short silica 
gel column, eluting with ether to remove the nickel waste and solvent removal 
under reduced pressure gave a golden colored oil (3.86 g) which 1H NMR and GC 
analysis showed to be starting materials.
3 .6 .5  A ttem pted [4+4] Coupling of 1-Vinylcyclopentene with 
N i(C O D )2.
Using similar techniques used in the [4+4] coupling of 3.14, solutions of 1- 
vinylcyclopentene (3.16 g; 33.6 mmol) in toluene (40 mL), triphenylphosphine 
(0.442 g; 1.68 mmol) and Ni(COD)2 (0.232; 0.84 mmol) in toluene (25 mL each) 
were prepared. The solution of 1-vinylcyclopentene was transferred to solution of 
triphenylphosphine and Ni(COD)2, where the reaction mixture turned a deep red 
color. The reaction mixture was heated at 80° C and stirred for 24 hours, cooled to 
room temperature, and air oxidized for one hour where it turned dark green. The 
solution was filtered through a short silica gel column, eluting with ether to remove 
the nickel waste, solvent was removal under reduced pressure gave a trace of
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residue. The reactants were very volatile, therefore, it was concluded that no 
reaction took place and the unreacted starting materials were lost in the solvent 
removal.
3 . 6 . 6  A ttem p ted  A d d ition  o f D ich lo ro k eten e  to 1,5-  
C yclooctadiene.
A solution of triethylamine (3.8 mL; 40 mmol) in hexane (16 mL) was added 
slowly over 1.5 hours to a solution of 1,5-cyclooctadiene (1.9 mL; 16 mmol) and 
dichloroacetyl chloride (3.8 mL; 40 mmol) in hexane (32 mL). The resulting 
suspension was stirred for 24 hours. The dark colored suspension was filtered by 
vacuum filtration and the solid was washed with a small amount of hexane. The 
solvent was removed from the filtrate under reduced pressure. NMR showed 
numerous high intensity peaks between 5.6 and 6.0 ppm. It was concluded that the 
product was the result of monoaddition of the dichloroketene and it was not further 
characterized. A similar reaction was run as above except hexane was replaced with 
5.0 M lithium perchlorate in ether. NMR also showed numerous high intensity 
peaks between 5.6 and 6.0 ppm, as in the first reaction.
3 . 6 . 7  I m p r o v e d  S y n t h e s i s  o f  l - F o r m y l - 2 -  
(d im e th y la m in o m eth y l)fe rr o ce n e , '3 .15 ' and 1,2- 
Bis[(dim ethylam ino)m ethyl]ferrocene, '3.16'.
n-Butyllithium (21.0 mL; 51.4 mmol) was added drop wise over five minutes 
to a solution of (dimethylaminomethyl)ferrocene (8.1 mL; 41 mmol) in anhydrous 
ether (50 mL) turning solution from orange to a deep red color. The solution was 
stirred for five hours and then cooled to 0° C. Dimethylformamide (4.8 mL; 62
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mmol) was added dropwise, turning the reaction mixture orange. The reaction 
mixture was stirred at room temperature overnight, forming an orange precipitate. 
Distilled water (16 mL) was added and the organic layer was separated and 
combined with the ether extracts from the aqueous layer. The combined ether 
layers were dried over anhydrous sodium sulfate and solvent removal under 
reduced pressure gave a red-orange oil (11.2 g; 100% yield). lH NMR confirmed 
the identity of the oil as l-formyl-2-(dimethylaminomethyl)ferrocene, 3.15.*00 A 
solution of crude 3.15 (2.15 g; 7.56 mmol) and dimethylamine hydrochloride (1.9 
g; 23 mmol) in methanol (25 mL) was cooled to 0° C, where sodium borohydride 
(3.7 g; 98 mmol) was added slowly, resulting in vigorous effervescence and color 
change from deep red to light orange. The reaction mixture was warmed to room 
temperature after one hour, poured onto ice, and extracted into ether (3 x 150 mL). 
The combined ether extracts were dried with anhydrous magnesium sulfate and 
solvent removal under reduced pressure gave an orange solid (1.93 g; 85% yield), 
with 1H and 13C NMR spectra consistent with those reported for 1,2- 
bis[(dimethylamino)methyl]ferrocene.100 Recrystallization of 3.16 from refluxing 
absolute ethanol yielded X-ray quality crystals (mp. 84-85° C), from which the 
structure was determined.
3 .6 .8  Synthesis o f 4 -B rom o-7 ,7-d ichIorobicyclo[3 .2 .0]heptane- 
2-en-6-one ’3 .18’.
A refluxing solution of 7,7-dichlorobicyclo[3.2.0]hept-2-en-6-one (6.06 g;
34.2 mmol), N-bromosuccinimide (6.73 g; 37.8 mmol), and benzoyl peroxide (0.4 
g) in carbon tetrachloride (60 mL) was irradiated with a sun lamp for 3.5 hours. 
After cooling to room temperature, the solution was filtered through a Florisil pad,
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rinsing with carbon tetrachloride. Solvent removal under reduced pressure gave an
oil. The crude material (8.48 g) was redissolved in ether and washed with water (5 
x 70 mL). The ether was removed under reduced pressure, resulting in a yellow- 
brown solid that distilled (bulb-to-bulb) from 60-75° C / 0.5 mm Hg) to give 3.18 
as white solid (7.26 g; 83% yield) that was free of contaminates according to *H 
and 13C NMR. Further recrystallization by slow cooling from refluxing hexane 
gave X-ray quality crystals as colorless diamond plates. *H NMR (200 MHz; 
CDC13) 8 4.30 (m, 1H), 4.54 (m, 1H), 5.14 (d, 1H), 6.02 (m, 1H), 6.27 (m, 1H); 
13C NMR (50 MHz; CDC13) 8 49.62, 58.41, 68.32, 131.89, 139.03, 1191.74 
ppm.
3 .6 .9  Attem pted Synthesis of '3.9 '.
3 .6 .9 .1  D e p ro to n a t io n  o f  '3 .1 8 ' w ith  L ith iu m
Diisopropyiamide and Subsequent Complexation with 
Ferrous Chloride.
A cyclohexane solution of lithium diisopropyiamide (1.5 M; 17.2 mmol) was 
added slowly to a solution of 3.18 (2.0 g; 7.82 mmol) in anhydrous ether (30 mL) 
at -78° C, with the solution immediately turning to a dark color. After stirring the 
solution for 30 minutes, it was warmed to room temperature and stirred for 45 
minutes. Using air-free transfers, anhydrous ferrous chloride was slowly added to 
the reaction mixture at -78° C with no significant color change. The solution was 
warmed to room temperature and stirred for 20 hours, where the reaction mixture 
consisting of a dark solution with a fine brown precipitate, was poured into a dilute 
hydrochloric acid solution. The ether layer was removed and the aqueous layer was 
washed with additional dichloromethane. The combined organic layers were dried
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with anhydrous magnesium sulfate and solvent was removal gave a dark colored 
residue (1.7 g). The *11 NMR spectrum consisted of numerous very broad peaks, 
none of which resembled those expected for a metallocene.
3 .6 .9 .2  D ep ro to n a tio n  o f  '3 .18 ' w ith  Sodium
B is (tr im e th y ls ily la m id e )  and S u b seq u en t  
Complexation with Ferrous Chloride.
A solution of 3.18 (1.0 g; 3.9 mmol) in anhydrous tetrahydrofuran (50 mL) 
was added over 15 minutes to a solution of sodium bis(trimethylsilylamide) (1.0 M;
8.2 mL, 8.2 mmol) at -78° C, where the reaction mixture immediately turned 
purple. The reaction mixture was allowed to warm to room temperature and stirred 
for one hour. Anhydrous ferrous chloride (0.25 g; 1.95 mmol) was added over 
five minutes, using an air-free transfer, with no immediate change in color. After 
stirring at room temperature for 14 hours, the solvent was removed under reduced 
pressure and the residue was redissolved in dichloromethane and passed through 
fluted filter paper. The dichloromethane from the filtrate was removed under 
reduced pressure, the residue was redissolved in CDCI3, and passed through glass 
wool to remove the insolubles. Attempts to perform a *11 NMR failed due to the 
presence of paramagnetic species.
3 .6 .1 0  Synthesis o f B icycIo[3.2.0]hept-2-en-6-one Ethylene  
Glycol Ketal.
A solution of bicyclo[3.2.0]hept-2-en-6-one (13.8 g; 133 mmol), ethylene 
glycol (7.8 mL; 140 mmol), and p-toluenesulfonic acid (0.07 g; 0.37 mmol) in 
benzene (250 mL) was refluxed for approximately four hours or until no more
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water was collected in a Dean-Stark trap.101 The solution was cooled to room 
temperature and washed with 10% sodium hydroxide solution (20 mL). The 
mixture was extracted with ether (30 mL), and resulting organic layer was washed 
with distilled water (3 x 25 mL). The organic layer was dried overnight with 
potassium carbonate and the ether was removed from the organic layer under 
reduced pressure. The resulting oil was distilled under reduced pressure (1-5 mm 
Hg) to give a colorless oil (11.33 g; 57% yield). JH NMR (200 MHz; CDC13) 5
2.05 (m, 1H), 2.35 (m, 1H), 2.60 (m, 2H), 3.13 (m, 2H), 3.82 (m, 4H), 5.75 
(m, 2H); NMR (50 MHz; CDCI3) 8 32.78, 36.54, 42.04, 48.66, 63.03, 
64.57, 108.28, 131.36, 132.86 ppm. NMR showed slight contamination from 
starting material.
3 .6 .1 1  Attempts to Brominate Bicyclo[3.2.0]hept-2-en-6-one  
Ethylene Glycol Ketal.
A refluxing solution of bicyclo[3.2.0]hept-2-en-6-one ethylene glycol ketal 
(2.70 g; 17.7 mmol), N-bromosuccinimide (3.44 g; 19.3 mmol), and benzoyl 
peroxide (0.15 g) in carbon tetrachloride (30 mL) was irradiated with a sun lamp 
for 5.5 hours, after which a tarry residue was present on the side of the flask. The 
reaction mixture was allowed to stir for 24 hours at room temperature, filtered 
through a Florisil pad rinsing with dichloromethane, washed with water (5x), dried 
with anhydrous magnesium sulfate, and solvent removed under reduced pressure to 
give a dark oil (3.44 g). iH NMR analysis showed mostly starting material.
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3 .6 .1 2  Attem pted Ketalization of '3.18'.
A solution of 3.18 (1.00 g; 3.91 mmol), ethylene glycol (7.6 g; 122 mmol), 
p-toluenesulfonic acid (53.2 mg), and trimethylorthoformate (1.7 g; 15.7 mmol) 
in dichloromethane (25 mL) was stirred at room temperature for 72 hours,102 and 
turned to a light yellow. The reaction mixture was washed with saturated sodium 
bicarbonate solution (4x), the organic layer dried with anhydrous magnesium 
sulfate, and solvent removal under reduced pressure gave a yellow oil (0.77 g). 
The resulting oil was distilled (bulb-to-bulb) and sublimed as diamond shaped 
crystals, which were identified as 3.18 by NMR.
3 .6 .1 3  Synthesis o f l ,4 -( l,l '-F e rro c e n e d iy l) - l ,4 -b u ta n e d io I , 
'3.11' via  R eduction  of l ,4 * ( l,l '-F e r ro c e n e d iy l) - l ,4 -  
butanedione with Sodium Borohydride in Methanol.
3.12 (1.19 g, 4.44 mmol) 103 was suspended in methanol (20 mL) while 
sodium borohydride (0.14 g, 3.70 mmol) was added gradually, accompanied by a 
mild effervescence. The reaction mixture was stirred for one hour, after which all 
the dione dissolved and the solution turned a bright yellow. It was then poured into 
water and extracted with ethyl acetate (3 x 50 mL). The combined organic layers 
were dried with magnesium sulfate and solvent removal under reduced pressure 
gave a diastereomeric mixture of 3.11 as a yellow powder (1.21 g, 100% yield) 
mp. dec>165° C. !H NMR (200 MHz, DMSO-ds) 8 1.68 (m), 2.17 (m), 4.03 
(m), 4.31 (m), 4.68 (m); 13C NMR (50 MHz, DMSO-d6) 31.44, 66.66 , 67.38, 
67.91, 91.53 ppm; IR (thin film, cm'1) 3331, 3086, 2940, 2858. Note: 3.11 was 
not stable in GC/MS conditions and split into three molecules of molecular weights
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(M+) 236, 238, and 254. The MS of the fractions matched those of 3.6, 3.20,
3 .2 1 .
3 .6 .1 4  S yn thesis  o f l ,4 - ( l , l '-F e r ro c e n e d iy I ) - l ,4 -b u ta n e d io l ,
'3 .11 ' via  R ed u ctio n  o f l ,4 - ( l , l '-F e r ro c e n e d iy I ) - l ,4 -  
b u tan ed io n e  w ith L ith iu m  A lum inum  H y d rid e  in  
T etrahydrofuran .
3.12 (4.19 g, 15.6 mmol) was suspended in anhydrous tetrahydrofuran (150 
mL) while lithium aluminum hydride (0.60 g, 15 mmol) was added gradually. The 
reaction mixture was stirred for three hours, after which all the dione dissolved and 
the solution turned a bright yellow. The excess lithium aluminum hydride was 
destroyed by the dropwise addition of ethyl acetate. The reaction mixture was 
poured into water and extracted with ethyl acetate until the aqueous layer was 
colorless. The combined ethyl acetate extracts were dried with magnesium sulfate 
and solvent removal under reduced pressure gave a diastereomeric mixture of 3.11 
as a yellow powder (4.25 g, 100% yield). and 13C NMR, GC/MS, and IR 
match those obtained from NaBtfy / MeOH synthetic method.
Synthesis of 3 . I I - J 2 follows a similar procedure except instead of using 
lithium aluminum hydride to reduce 3.12, lithium aluminum deuteride is used as 
the reducing agent. Reducing 3.12 (0.88 g; 3.28 mmol) with lithium aluminum 
deuteride (0.14 g; 3.3 mmol) in tetrahydrofuran (40 mL) gave 0.90 g; 100% yield) 
of 3.11-c?2 as a yellow powder.
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3 .6 .1 5  Synthesis o f l , 4 - ( l , l ’-F errocened iy l)-l,3 -bu tad iene, '3 .6 '
via Solid State Dehydration of '3.11'.
3 .6 .1 5 .1  Synthesis of '3 .6 ' v ia  H eating '3 .11' in Basic 
A lum ina.
A mixture of 3.11 (0.50 g) in basic alumina (10.6 g) was heated in a 
sublimator to 180° C at reduced pressure (0.2 mm Hg). After one hour, a red- 
orange solid (0.27 g) sublimed on the cold finger. Analysis using JH and 13C 
NMR along with GC/MS showed that the solid was a 1.5:1 mixture of 3.6 and
3 .20 .
3 .6 .1 5 .2  Synthesis o f '3 .6 ' via  H eating '3 .11 ' in N eutral 
A lum ina.
A mixture of 3.11 (1.22 g) in neutral alumina (10.0 g) was heated in a 
sublimator to 180° C at a reduced pressure (0.2 mm Hg). After one hour, a red- 
orange solid (0.46 g) sublimed on the cold finger. Analysis using NMR along with 
GC/MS showed that the solid was a 1:1 mixture of 3.6 and 3.20. Analysis for 
3.20 matched that reported in the literature.104
Heating a 1% mixture of 3.11 in neutral alumina had no effect on the product 
ratio of 3.6 : 3.20, but decreased the yield considerably.
3 .6 .1 5 .3  Synthesis of '3.6' via Heating '3.11' in Silica Gel.
A mixture of 3.11 (0.96 g) in silica gel (10.0 g) was heated in a sublimator to 
300" C at a reduced pressure (0.2 mm Hg). After one hour, a red-orange solid 
(0.38 g) sublimed on the cold finger. Analysis using NMR along with GC/MS
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showed that the solid was a mixture of 3.6 and 3.21 with a small amount of
3.20. Column chromatography on silica gel eluting with hexane gave a red 
powder (0.21 g) which *H NMR revealed to be a 4.5:1 mixture of 3.6 and 3.20. 
Subsequent elution with ethyl acetate yielded a yellow solid (0.17 g) which NMR 
and GC/MS spectra fit what would be expected for 3.21. Analysis for 3.21: ^  
NMR (200 MHz, CDC13) 8 2.03 (m, 2 H), 4.05 (m, 1 H), 4.16 (m, 2 H), 4.86 
(m, 1 H); 13C NMR (50 MHz, CDCI3) 27.02, 68.43, 68.82, 70.43, 70.82 ppm. 
MS, m/z 254 (M+), 225, 158, 121, 56.
For the dehydration of 3.11 -*/2 on silica gel, a dilute mixture of 3 .H -^2 
(0.1 g) in silica gel (10.0 g) was heated in a sublimator to 300° C at reduced 
pressure (0.2 mm Hg). After one hour, a red-orange solid (0.06 g) sublimed on 
the cold finger. Analysis using NMR along with GC/MS showed that the solid was 
almost exclusively 3.6-d2: !H NMR (200 MHz, CDCI3 ) 8 2.03 (s), 4.16 (m), 
4.46 (m), 5.54 (s).
3 .6 .1 5 .4  Synthesis o f '3 .6 ' via  H eating '3 .21 ' in N eutral 
A lum ina.
A mixture of 3.21 (0.10 g) in neutral alumina (2.0 g) was heated in a 
sublimator to 180° C at a reduced pressure of 0.2 mm Hg. After one hour, a red- 
orange solid (0.07 g) sublimed on the cold finger. Analysis using *H NMR 
confirmed that the solid was 3.6 and a trace of 3.20.
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3 .6 .1 5 .5  Crossover Study of the Solid State D ehydration of 
'3.11' and '3.11 '-d2 in Basic Alumina.
A mixture of 3.11 (0.10 g) and 3.1 \-d 2 (0.10 g) in basic alumina (2 g) was 
heated in a sublimator to 200° C at reduced pressure (0.2 mm Hg). After one hour, 
a red-orange solid (0.08 g) sublimed on the cold finger. Analysis of the solid using 
GC/MS showed molecular weights for high abundance parent ions from the 
dehydration of 3.11 (3.6 [M+=236] and 3.20 [M+=238]), and 3.11-</2 (3.6a 
[M+=238] and 3.20a [M+=241]) along with molecular weights for the parent ions 
expected for intermolecular reduction (3.6b [M+=240] and 3.20b [M+=239]).
3 .6 .1 6  Synthesis of l,4 -(l,l '-F e rro ce n ed iy I)-l,3 -b u ta d ie n e , '3 .6 ' 
via Solution Acid Catalyzed Dehydration.
A dilute solution of 3.11 (0.57 g; 2.09 mmol) was refluxed in benzene (400 
mL) with p-toluenesulfonic acid (20 mole %) for 12 hours. After cooling to room 
temperature, the solution was washed with saturated aqueous sodium bicarbonate 
solution and dried over anhydrous magnesium sulfate. Solvent removal under 
reduced pressure gave an orange-red solid (0.41 g; 84% yield). The reaction 
mixture was purified by column chromatography with silica gel, eluting with 
hexane to give 3.6 (0.30 g, 61 % yield) as a red solid, with traces of 3.20. Elution 
with a 1:1 hexane-ethyl acetate gave a trace of 3.21. Recrystallization of 3.6 by 
slow cooling from refluxing ethanol, aided by a seed crystal, gave X-ray quality 
crystals of 3.6: mp: 65° C, !H NMR (200 MHz, CDC13) 5 4.16 (m, 2 H), 4.45 
(m, 2 H), 5.54 (m, 1 H), 6.27 (m, 1 H); 13C NMR (50 MHz, CDCI3 ) 67.85, 
69.90, 78.10, 126.84, 129.78 ppm. IR (thin film, c n r1) 3111, 3086, 3013; MS,
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m/z 236 (M+), 178, 152, 121, 56; HRMS, calc, for 12C1313CH1256Fe 237.0322, 
found 237.0320, calc, for 12C14H1256Fe 236.0288, found 236.0296.
Anal. Calcd. for C14H14Fe: C, 71.22; H, 5.12. Found C, 71.09; H, 5.15.
3 .5 .1 7  Crystal Structure Determinations.
General Experimental Procedures: Intensity data were obtained from 
crystals mounted in a random orientation on an Enraf-Nonius CAD-4 
diffractometer. The structures were solved by direct and heavy atom methods, and 
refined by full-matrix least squares based upon F, with weights w=4Fo2[o2(I) + 
(0.02FO2)2]-1 using the Enraf-Nonius structure determination package,32 scattering 
factors,33 and anomalous coefficients.34 All data reductions included corrections 
for background, Lorentz, and polarization.
3 .5 .1 7 .1  C r y s t a l  S t r u c t u r e  D a t a  f o r  1 , 2 -  
B is[(dim ethylam ino)m ethyl]ferrocene, '3 .16'.
A summary of the key crystal data and parameters for the data collection for
3.16 are given in Table 3.11. Cell dimensions were determined at 296 K. One 
octant of data was measured using graphite monochromated MoKa radiation. 
Absorption was corrected using \(/-scans with a minimum transmission of 90.98%. 
Of 2422 unique data, 1387 had I > 3a(I), and were used in the refinement. The 
space group was determined by systematic absences. Non-hydrogen atoms were 
refined anisotropically; the hydrogen atoms were located in a AF map and were not 
refined. Final R=0.047 (R=0.124 for all 2422 data), Rw=0.049, S=1.884 for 171 
variables. The largest shift was 0.01a in the final cycle, maximum residual density
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0.81 e A'3, minimum -0.36 e A-3. The atomic positional and thermal parameters
for 3.16 are given in Table 3.12.
and Collection Parameters for '3.16'.Table 3.11 Crystal Data
formula 
Mr, g mol-1 
system 
space group
a, A
b, A
c, A 
V, A3 
z
Dc, g/cm' 3 
cryst size, mm 
radiation- 
(graphite monochromated): 
p., cm"1 
temp, K
scan type
collection range, deg 
no. of unique data 
no. of data 
P
no. of variables 
R
Rw
goodness of fit
FeC l6 H24N2
300.2
orthorhombic 
Pca2j 
25.658 (4)
7.880 (2)
7.676 (2)
1552.0 (5)
4
1.285
0.12 x 0.23 x 0.40
Mo K a  (k  = 0.71073 A)
9.59
296
co-20 
20  = 2 - 60 
2422
1387 for I>3a(I)
0.02
171
0.047
0.049
1.884
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Table 3.12 Atomic Coordinates and Equivalent Isotropic Thermal
Param eters for '3.16'.
Atom £ X z Beq(A2)
Fe 0.35163(3) 0.16421(9) 0.000 2 .88(1)
N1 0.3357(2) -0.2148(7) 0.4077(7) 4.2(1)
N2 0.4586(2) -0.2754(6) 0.0304(7) 3.6(1)
C l 0.2808(2) 0.1117(9) -0.108(1) 4.6(2)
C2 0.2804(2) 0.2747(9) -0.0409(9) 4.5(2)
C3 0.3187(3) 0.3711(8) -0 .120( 1) 4.6(2)
C4 0.3440(2) 0.264(1) -0.245(1) 5.4(2)
C5 0.3198(3) 0.1065(9) -0.2374(9) 5.4(2)
C6 0.3652(2) -0.0159(7) 0.1819(8) 2.9(1)
C l 0.3611(2) 0.1482(7) 0.253(1) 3.5(1)
C8 0.4008(2) 0.2507(8) 0.1827(9) 3.7(1)
C9 0.4284(2) 0.1530(7) 0.0583(8) 3.4(1)
CIO 0.4068(2) -0.0123(7) 0.0575(7) 3.0(1)
C ll 0.3317(2) -0.1668(8) 0.2250(9) 4.0(1)
C12 0.3893(4) -0.268(1) 0.449(1) 6 .6 (2)
C13 0.3002(4) -0.353(1) 0.441(1) 7.3(2)
C14 0.4239(2) -0.1543(7) -0.0586(8) 3-4(1)
C15 0.5069(3) -0.194(1) 0.083(1) 6.5(2)
C16 0.4711(3) -0.4158(9) -0.088(1) 4.6(2)
Cpl 0.3087 0.2256 -0.1501 4*
Cp2 0.3924 0.1047 0.1465 4 *
Starred atoms were refined isotropically. The equivalent isotropic thermal 
parameter, for atoms refined anisotropically, is defined by the equation:
Beq = ^p-XiSjUjja*a*af • aj
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3 .6 .1 7 .2  C r y s ta l  S t r u c tu r e  D a ta  fo r  4 -B ro m o -7 ,7 -
d ich lo ro b ic y c lo [3 .2 .0 ]h e p ta n -2 -en -6 -o n e , '3 .1 8 '.
A summary of the key crystal data and parameters for the data collection for 
3.18 are given in Table 3.13. The colorless crystal fragment was mounted inside a 
capillary to prevent sublimation and turned slightly brown after collection time. 
One quadrant of data was measured using graphite monochromated M oK a 
radiation. Absorption corrections were based on vj/ scans, with minimum relative 
transmission of 69.86%. Of 1552 unique data, 992 had I > 3a(I), and were used 
in the refinement.
The space group was determined by systematic absences. Non-hydrogen 
atoms were refined anisotropically; the hydrogen atoms were located in a AF map 
and were not refined. Final R=0.088 (R=0.133 for all 1552 data), Rw=0.105, 
S=4.872 for 101 variables. The largest shift was 0 .02c in the final cycle, 
maximum residual density 1.54 e A"3, minimum -2.06 e A-3. The atomic positional 
and thermal parameters for 3.18 are given in Table 3.14.
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Table 3.13 Crystal Data and Collection Param eters for '3.18'.
formula C7 H5BrCl20
Mr, g mol-1 255.9
system monoclinic
space group P2 !/C
a, A 12.448 (4)
b, A 7.113 (3)
c, A 10.189 (4)
P, deg 101.30 (3)
V, A3 887.1 (11)
z 4
Dc, g/cm-3 1.916
cryst size, mm 0.20 x 0.33 x 0.38
radiation-
(graphite monochromated): Mo Kot (k  = 0.71073 A)
ft, cm’1 51.4
temp, K 296
scan type co-20
collection range, deg 20 = 2 - 50
no. of unique data 1552
no. of data 992 for I>3a(I)
P 0.02
no. of variables 101
R 0.088
Rw 0.113
goodness of fit 4.872
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Table 3.14 Atomic Coordinates and Equivalent Isotropic Thermal
Parameters for *3.18'.
Atom X y z Beq (A2)
Br 0.0579(1) 0.0915(3) 0.1541(1) 4.95(4)
Cll 0.4150(3) -0.0048(8) 0.6780(4) 5.4(1)
C12 0.3666(4) -0.3633(7) 0.5504(4) 5.3(1)
O 0.1496(7) -0 .111(2 ) 0.6263(9) 4.5(3)
Cl 0.127(1) 0 .100(2) 0.348(1) 3.4(3)
C2 0.184(1) -0.080(2) 0.393(1) 2.6(3)
C3 0.205(1) -0 .112(2) 0.541(1) 3.2(3)
C4 0.327(1) -0.125(2) 0.548(1) 3.2(3)
C5 0.306(1) -0.040(2) 0.407(1) 3.1(3)
C6 0.308(1) 0.169(2) 0.402(2) 3.9(4)
C7 0 .211(1) 0.241(2) 0.368(1) 3.7(4)
The equivalent isotropic thermal parameter, for atoms refined anisotropically, is 
defined by the equation: Beq = ^ ^ZjZjUjja*a*a; • aj
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3 .6 .1 7 .3  C rystal S tructu re  D ata for l ,4 - ( l , l ’-Ferrocenediyl)-
1 ,4-butanedione, '3 .12 '.
A summary of the key crystal data and parameters for the data collection for
3.12 are given in Table 3.15. One hemisphere of data were measured using 
graphite monochromated MoKa radiation. Absorption corrections were based on
\j/ scans, with minimum relative transmission of 93.43%. Of 5451 unique data, 
4886 had I > 3a(I), and were used in the refinement.
The space group was determined by systematic absences. Non-hydrogen 
atoms were refined anisotropically; the hydrogen atoms were located in a AF map 
and were refined. Final R=0.025 (R=0.030 for all 5451 data), Rw=0.036, 
S=2.013 for 203 variables. The largest shift was 0.01a in the final cycle, 
maximum residual density 0.42 e A-3, minimum -0.20 e A '3. The extinction 
coefficient was 3.73(12) x lOA The atomic positional and thermal parameters for
3.12 are given in Table 3.16.
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Table 3.15 Crystal Data and Collection Param eters for '3.12'.
formula FeC i4H i202
Mr, g mol-1 268.1
system triclinic
space group P i
a, A 5.8224 (3)
b, A 8.6463 (3)
c, A 11.4661 (4)
a , deg 99.188 (3)
P, deg 95.589 (3)
Y, deg 106.974 (4)
V, A3 538.6 (1)
Z 2
Dc, g/cm'3 1.653
cryst size, mm 0.35 x 0.42 x 0.50
radiation-
(graphite monochromated): Mo K a (A. = 0.71073 A)
JI, cm-1 13.81
temp, K 296
scan type ©-20
collection range, deg 20 = 2 - 74
no. of unique data 5451
no. of data 4886 for I>3a(I)
P 0.02
no. of variables 203
R 0.025
Rw 0.036
goodness of fit 2.013
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Table 3.16 Positional Param eters and Equivalent Isotropic Therm al
Param eters for '3.12*.
Atom X X z BeqfA2!
Fe 0.19184(2) 0.14641(1) 0.30111(1) 1.852(2)
Ol 0.4780(1) 0.2385(1) 0.03399(7) 3.62(2)
0 2 0.0802(2) 0.5554(1) 0.32216(9) 4.19(2)
C l 0.1409(2) 0.1146(1) 0.12168(7) 2.17(1)
C2 -0.0843(2) 0.1071(1) 0.16584(8) 2.33(1)
C3 -0.1404(2) -0.0261(1) 0.22672(9) 2.69(2)
C4 0.0453(2) -0.1023(1) 0.2207(1) 2.93(2)
C5 0.2187(2) -0.0171(1) 0.15520(9) 2.60(2)
C6 0.3163(2) 0.3902(1) 0.37105(8) 2.34(1)
C7 0.1668(2) 0.3077(1) 0.44862(8) 2.67(2)
C8 0.2705(2) 0.1922(1) 0.48678(9) 3.18(2)
C9 0.4849(2) 0.2023(1) 0.4347(1) 3.10(2)
CIO 0.5152(2) 0.3243(1) 0.36332(9) 2.65(2)
C ll 0.2940(2) 0.2486(1) 0.07197(8) 2.49(1)
C12 0.2281(2) 0.4067(1) 0.07719(9) 3.07(2)
C13 0.3648(2) 0.5351(1) 0.1904(1) 3.34(2)
C14 0.2451(2) 0.5002(1) 0.29920(9) 2.78(2)
Anisotropically refined atoms are given in the form of the isotropic equivalent 
displacement parameter defined as: Beq = -^^-ZjXjUija*a*aj • aj
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3 .5 .1 7 .4  Crystal S tructure  Data for l,4 -(l,l'-F errocened iy l)-
1 ,3-butanediene, '3 .6 '.
A summary of the key crystal data and parameters for the data collection for
3.6 are given in Table 3.17. One quadrant of data were measured using graphite 
monochromated MoKa radiation. Absorption corrections were based on \j/ scans, 
with minimum relative transmission of 95.05%. Of 7291 unique data, 3380 had 
I > 3a(I), and were used in the refinement.
The space group was determined by systematic absences. The unit cell 
contained three independent molecules. Non-hydrogen atoms were refined 
anisotropically; the hydrogen atoms were located in a AF map and were not refined. 
Final R=0.042 (R=0.140 for all 7291 data), Rw=0.041, S= 1.506 for 406 
variables. The largest shift was O.Olcr in the final cycle, maximum residual density
0.76 e A*3 near Felc, minimum -0.14 e A'A The atomic positional and thermal 
parameters for 3.12 are given in Table 3.18.
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Table 3.17 Crystal Data and Collection Param eters for '3.6'.
formula FeCi4Hi2
Mr, g mol*1 236.1
system monoclinic
space group P2j/n
a, A 10.4137 (4)
b, A 21.8611 (9)
c, A 13.9521 (13)
P, deg 90.488 (5)
V,A3 3176.1 (6)
Z 12
Dc, g/cnr3 1.481
cryst size, mm 0.12 x 0.17 x 0.30
radiation-
(graphite monochromated): Mo K a (K = 0.71073 A)
(I, cm-1 13.8
temp, K 299
scan type CO-20
collection range, deg 20 = 2 - 55
no. of unique data 7291
no. of data 3389 for I>3o(I)
P 0.02
no. of variables 406
R 0.042
Rw 0.041
goodness of fit 1.506
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Table 3.18 Coordinates and Equivalent Isotropic Thermal Parameters
for '3.6'.
Atom y z B?q(E2}
Fela 0.99754(6) 0.89309(3) 0.81105(5) 3.36(1)
Cla 1.1254(4) 0.8618(2) 0.7167(3) 4.3(1)
C2a 1.1871(4) 0.8708(2) 0.8063(4) 4.8(1)
C3a 1.1264(5) 0.8341(2) 0.8752(4) 5.5(1)
C4a 1.0281(5) 0.8017(2) 0.8274(4) 5.3(1)
C5a 1.0260(5) 0.8179(2) 0.7303(4) 4.6(1)
C6a 0.8761(4) 0.9450(2) 0.7337(3) 4.3(1)
C7a 0.9738(5) 0.9813(2) 0.7733(4) 4.8(1)
C8a 0.9685(5) 0.9769(2) 0.8714(4) 5.1(1)
C9a 0.8694(5) 0.9378(3) 0.8986(4) 5.5(1)
ClOa 0.8092(4) 0.9174(2) 0.8110(4) 5.1(1)
Cl l a 1.1560(6) 0.8957(3) 0.6298(4) 7.0(2)
C12a 1.0767(7) 0.9199(3) 0.5665(4) 8 .0 (2)
C13a 0.9374(7) 0.9219(3) 0.5633(4) 8 .8(2)
C14a 0.8531(6) 0.9324(3) 0.6317(4) 7.9(2)
Felb 0.50133(6) 0.93695(3) 0.16973(4) 2.98(1)
Clb 0.3780(4) 0.8903(2) 0.2515(3) 4.4(1)
C2b 0.3133(4) 0.9112(2) 0.1678(4) 4.5(1)
C3b 0.3761(5) 0.8860(2) 0.0879(4) 5.3(1)
C4b 0.4772(5) 0.8490(2) 0.1218(4) 4.9(1)
C5b 0.4790(5) 0.8514(2) 0.2208(4) 4.8(1)
C6b 0.6247(4) 0.9761(2) 0.2626(3) 3.6(1)
C7b 0.5250(4) 1.0176(2) 0.2369(3) 3.7(1)
C8b 0.5294(4) 1.0274(2) 0.1383(3) 3.9(1)
C9b 0.6294(4) 0.9927(2) 0.1004(3) 4-0(1)
ClOb 0.6898(4) 0.9616(2) 0.1761(4) 4.1(1)
Cl l b 0.3497(5) 0.9102(3) 0.3500(4) 6 .8(2 )
C12b 0.4290(6) 0.9265(3) 0.4186(4) 7.3(2)
C13b 0.5699(6) 0.9295(3) 0.4218(4) 6.9(2)
C14b 0.6513(5) 0.9495(3) 0.3572(4) 5.7(1)
Felc 0.49805(6) 0.73369(3) 0.67276(5) 3.75(1)
Clc 0.3783(4) 0.6883(2) 0.7585(3) 3.9(1)
C2c 0.3099(4) 0.7103(2) 0.6779(4) 4.6(1)
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Table 3.18 (cont.l Coordinates and Equivalent Isotropic Thermal
Parameters for '3.6'.
Atom y z B<?q(E2}
C3c 0.3662(5) 0.6848(3) 0.5953(4) 5.4(1)
C4c 0.4685(5) 0.6468(2) 0.6254(4) 5.0(1)
C5c 0.4757(4) 0.6482(2) 0.7253(3) 4.0(1)
C6c 0.6261(5) 0.7730(2) 0.7618(4) 5.3(1)
C7c 0.5265(5) 0.8145(2) 0.7405(4) 5.6(1)
C8c 0.5244(6) 0.8239(3) 0.6392(5) 6 .8(2)
C9c 0.6234(5) 0.7884(3) 0.5999(4) 6 .6 (1)
ClOc 0.6866(4) 0.7575(3) 0.6749(5) 6 .0 (1)
Cl l c 0.3560(5) 0.7065(3) 0.8584(4) 6.3(2)
C12c 0.4396(6) 0.7228(3) 0.9254(4) 7.0(2)
C13c 0.5782(6) 0.7262(3) 0.9223(4) 7.8(2)
C14c 0.6567(6) 0.7459(3) 0.8566(5) 7.7(2)
Anisotropically refined atoms are given in the form of the isotropic equivalent
displacement parameter defined as: = -^p-EjSjUija*a*a; • aj
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